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FOREWORD 


This is the first issue of the Transactions of the IRE Professional Group on 
Electronic Computers. It contains the electronic computer papers presented 
at the Western Electronic Show and Convention in Long Beach, California, 
August 27-29, 1952, which was co-sponsored by the I,R.E, The work of ar- 
ranging for the presentation and publication of these papers was done entirely 
by members of the Los Angeles Chapter of the Group. 


Future issues ofthe Transactions are inpreparation, and itis planned that they 
consist of papers individually submitted for publication as well as computer 
papers of special interest selected from those presented at conventions and 
meetings. All papers will be subjectto review by the Board of Reviewers of the 
Professional Group. Papers shouldbe submitted to J, H, Felker,. Chairman of 
the Paper Study and Procurement Committee. 


The Transactions ofthe P,G. E.C. arean I,R.E. publication devoted exclusively 
9 electronic computers and allied subjects. It is hoped that this issue will be 
the start of a major publication in the field of digital and analog computer 
engineexing, whereby technical papers of importance in this. area’ can be made 
available to those who are most vitally interested. 


A DIGITAL COMPUTER FOR AIRBORNE CONTROL SYSTEMS 


Eldred G. Nelson 
Hughes Aircraft Company 
Culver City, California 


Introduction 


A digital. computer has been developed for use in airborne control systems. 
This application presents many problems. The computer nust be small, light 
weight, and very reliable. It receives its input signals from instruments 
in the rest of the system. These signals are of the Nanalogue" contiauous 
type and must be converted into the discrete electric signals used in the com- 
puter. The problems of analogue-digital conversion are problems 1n the 
measurement of the physical quantities that define the state of the system 
and in the transformation of the results of these measurements into digital 
signals. The digital numbers representing the input quantities are processed 
by the computer which performs in real time the computations corresponding to 
the mathematical representation of the control problem. The results of these 
_ calculations are numbers representing the signals used to control the system. 
These output numbers are converted into the analogue type signals used in the 
control operations. 


The Computer 


ihe. compnter,..is..oLthe,general. purpose, serial, binary ajgital type. It 
has an arithmetic unit, a control unit, a magnetic drum memory unit, andan 
input-output unit. Although in a particular control system, there is a 
definite problem for the computer to solve; the simplest digital computer for 
a non-trivial problem has the characteristics of a general purpose computer; 
namely, it adds, subtracts, mi1itiplies, divides, and transfers the nunbers 
in its inemory unit in response to a set of instructions specifying the sequence 
of arithmetic operations. Therefore, the computer proper is constructed as a 
general purpose computer. The special character of the application is 
reflected principally in the input-output unit. 


The arithmetic unit performs the arithmetic operations of addition, sub- 
traction, miltiplication, and division. Serial operation in the binary number 
system is used since it leads to the simplest arithmetic unit. This unit 
consists of three one word circulating registers and a binary adder. Multipli- 
cation and division are scheduled automatically in terms of additions and 
subtractions. 


The magnetic drum memory unit provides storage space for over 1500 
nineteen digit words. Sixteen of these nineteen digits are available for 
muimbex digits and one digit is a sign digit. The remaining two digits are 
used in switching operations. The density of the magnetic recording is 
approximately 100 binary digits per inch. The drum is four inches in diameter 
and rotates 8000 rpm, permitting the computing to take place at a rate of 
160,000 binary digits per second. In order to reduce the access time an 
eight word circulating register is provided. : 


The control unit reads orders from the memory unit and translates them 
4 ooo) 2 > 
into signals that direct the operation of the arithmetic unit. The code is 


of the relative address* type and each order pertains to an operation on only 
one-snumber. Therevare twenty-two orders in the cade. These orders direct 
the arithmetic unit to carry out the arithmetic operations, transfer numbers 
to.and from the arithmetic unit, detect negative numbers (to permit branch 
points in programming), and detect zero (to permit self-checking routines). 


The switching circuits of the computer are composed of flip-flops and 
germanium.diode.gates. .Their logical.structure was designod-with the aid of 
a computer algebra based on Boolean algebra. | 

The application of the computer to an airborne control system places 
Severe.restrictions on. its size.and weight as well as requiring it to operate 
under extrema environmental conditions. In order to achieve small size, sub- 
miniaturization techniques are employed throughout.  Submimiature tubes, 
germanium crystal diodes, and etched circuit construction are all used. The 
requirement of operability under, conditions. of .wibration.and shock bs met by 
a rugged mechanical design and the temperature requirements are met by circuits 
designed to operate even though the components--diodes, resistors, etc.-- 
deteriorate appreciably from their rated values. Cooling is by forced air. 


Accessibility of components and ease of check out and maintenance are 
obtained from a unitized type of construction. A standard flip-flop, which 
-is used throughout the computer has been desipned in the form of a plug-in 
unit. The dicde networks associated with each flip-flop are also constructed 
-as-plug-in- units. A-photograph of the arithnetic unit and control unit, 
Which have been packaged together, is presented in’ Figure 1. The magnetic 
drum memory unit, which includes the magnetic drum and associated circuitry, 
is shown in Figure 2. 


Analopgue-Digital Conversion 


Analogue to digital input conversion devices have been developed for d.c. 
voltage, a.c. voltage, and shaft position inputs. Each of these input devices 
converts the .analogue quantity into a time interval from‘whitch the digital 
nunber is.obtained by counting timing pulses»from the computer. This fact 
permits the input equipment to have a single counter whichis switched in 
succession to each conversion device. Thus each inputis ‘sampled in succession. 
A similar .sst of conversion devices converts the digital numbers into voltages 
and shaft positions. The-accuracy of the conversion appears to be limited 
principally by the problems in the accurate measurement of physical quantities 
and not by the digital output. Very precise measurements tend to require 
elaborate equipment. 


In cne application of this computer to a control system, there are ten 
analogue inputs and four analogue outputs. A bread-board construction of this 
input-output unit is showm im Figure 3. In this system the inputs and 
‘outputs are saupled at one-tenth second intervals. The complete computer 
-¢ysten, Gucluding conversion devices, has approximately 250 tubes and 2000 
npremertimnvenystal <diledes. Its volume is four cubic feet. 


Acknowledgment 


The development of this computer was a joint effort of more than 
thirty engineers, mathematicians, and physicists of the Hugnes Aircraft 
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Figare ] —~ Arithmetic and Control Unit, 
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Figure 2 -- Magnetic Drum and Associated Cireu 
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Figure 3 -- Input-Output Unit Including Conversion Devices, 
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STATIC-DYNAMIC DESIGN OF FLIP-FLOP CIRCUITS 


C. L. Wanlass 
North ‘American Aviation, Ince 
Downey, California 


introduction 

The following investigation on flip-flop circuits was originally 
undertaken to determine if a reliable flip-flop circuit could be designed 
to operate from a low supply voltage using tubes that are pres sently avail- 
able and in production, The reason for designing the circuit to joctete 
from a low supply voltage is.to reduce the required power consumption of 
such information storage devices to a minimum and to provide a low d-c 
level output. The low d-c level output voltages of the two stable states 
of the circuit and the low flip-flop power dissipation enables an entire 
computer to operate from one regulated power supply rather*than the numer 
ous regulated supplies required by most computers, The low power dissi- 
pation is also essential since the reliability of germanium diodes and 
other heat sensitive components is greatly increased as their operating 
temperature is decreased. 


In the actual flip-flop design it was decided to isolate the 
information storage element as completely as possible from all outside 
load influences in order to permit the determination of the exact opera- 


i ae ott Be ie pe a ie ss Jey antes Me maint = x 
tine conditions of ths Circo Lsoletie gue clement. cnavles 


Pile, .tsolation of the, storeze 
a complete analysis of the circuit to be made and permits the determination 
of all maximum allowable circuit parameter variations, The analytical 
approach is believed to have advantages over the experimental approach 
since exact parameter values are known at all times and any desired com- 
bination of parameters may bé caused to change in any desired direction 
allowing the most critical condition for the circuit to be determined 

and specified. The design procedure to be presented is composed of an 
integrated study of both the static and dynamic considerations of the 
CUreni Ue 


Static Consideratio ns 


ee — 


Before a flip-flop circuit can be considered from a dynamic 
standpoint certain static restrictions must be satisfied, These restrice 
tions. have to be considered at all times and in some cases ectually are 
a major limiting factor on the design of the circuit, Of most Esnerel 
importance are the output voltage levels and the require ed voltage swing. 
Usually the voltage swing is the more important of these two Seas eae 
it is chosen to meet the conditions of an independent ee as in this 
case where the independent function is the back resistance 2 the dicdes 
to be used in the logical circuits the flip-flop is “Peyuired ames drive. 

To allow for independent control of the voltage ae of the. citenit, 


cathode-resistor bias was used in the design study rather than £5 eA. 
grid. bias. Cathode-resistor bias was also employed 1 so that reasonable 
variations in circuit parameters could take » place without the cirepit 
operation becoming unistable., It is the author's belief that fixed- 


og 


grid bias is unsatisfactory where the flip-flop circuit is required to 
operate from a low id orto source and small voltage swings- are to be 
used, 


The flip-flop circuit as settled upon is presented in Figure 
1. It is seen that this circuit uses negative triggering and has a bias 
arrangement on the input diode such that the input signal must be greater 
than a set amount before triggering will take place. Biasing of the in- 
put diode is used to eliminate the possibility of triggering from pulse 
formed by variations in output voltage levels from the various flip-flops 
when the circuit is used in a complete computer.system, The minigun 
trigger voltage anplitude required to trigger the circuit may be set by 
means of resistors hj), and Re. The input diode also isolates the flip- 
flop circuit from the input ceneiistey: as was previously stated, A major 
contribution of this input circuit isolating system is a reduction in 
capacity at the grid circuit of the flip-flop. 


The equivalent circuit of Figure 1 is Praemaneds in Figure 2. 
It is noted that current generators have been substituted for the usual 
tube conductances wherever possible. Use was made of current generators 
since at the operating conditions of the flip-flop tube the characteris- 
tics of the tube type used are very non~linear and therefore nothing 
would be gained by using the-usual static equivalent circuit composed 
completely of conductances, On the other hand the skp sncngenntbioel Ne equa- 
tions involved in the circuit using current generaicrs.is. simple: and 
rapid. 4n iterative process is used to detexmine the solution with a 
person acting as the error sensing element between the experimental tube 
curves and the computed voltages, As can be seen im Figure 2 the equa- 
tions necessary for solution of the required static.-circuit voltages are 
extremely simple since the cathode circuit has been effectively isolated 
from the two resistive legs of the circuit by means of current generators, 
The main use of these static equations is in determining the values of 
tube parameters used in specifying whether a given flip-flop circuit is 
bi~stable, unisteble or unstable. 


Dynamic Considerations 


Upon selection of a set of circuit values that meet all-of the 
static requirements, + the actual dynamic design may be initiated. The 
equivalent circuit of the dynamic case is presented in Figure: 3. The 
cathede circuit is absent in this diagram since the resolution time of 
the flip-flop circnit is much less than the time. constant of the cathode 
circuit. However, this cathode circuit time canstant is small with res- 
pect to the time required for variations in voltage sources and parameter 
changes to take place so that negative feedback is present for all cases 
except when the circuit is actually changing state, In the equivalent 
cixenit the primed letters refer to the lesser eekiilaetelnas tube end the 
branch.of the circuit that this tube effects; the non-primed letters 
refer to the fully conducting tube and its associated branch of the cir 


Cutts 


thing more than a circuit with 
hanged from one of 
items in de- 


Since a flip-flop circuit is no 
two stable states and a wethod by which it may be che foi 
these states to the other, we are mainly interested in two 
signing such a circuit, These two items are: 


1. How stable is the circuit with respect to external and 
internal influences other than that of the trigger input? 

2, How much time is required for the circuit to chenge from 
-one stable state to the other stable state when such a 


change is initiated? 


Although both of these items are of importance the first one is more 
difficult to predict and usually the more important since the second 

item is more of a design limitation than a design consideration. The 
dynamic design discussed will deal only with the stability of the circuit. 


Stability Determination 


Naturally the most stable flip-flop circuit is one that is 
directly coupled to the input circuit and is continually presented with 
information telling if of its desired state.. However, this type of cim 
cuit is really nothing more than a power amplifier that isolates the 
input system from the load. It is evident that this direct-coupled cir- 
Cuit cannot be used ina majority of cases ‘and “that’some. type of self= 
a change in the circuit's state is desired... This type of circuit is 
inherently oscillatory during the change from one state to the other 
state, Therefore, we are presented with the problem of designing a cir- 
cuit which can be made oscillatory at the will of the input information. 
Since we are not actually concerned with the process the circuit goes 
through during the switching state, it is believed that Routh's criteria 
niet the determination of the stability of the circuit is best suited for 
this case. ) 


Use of Routh's Criteria for Determining Stability 


Expansion of the fourth order determinant formed by the coeffi- 
cients of the four unknown voltages of the dynamic circuit equations re~- 
sults in a fourth order polynomial in p. By use of Routh's criteria we 
“may determine the necessary conditions for a fourth order polynomial to 
be a Hurwitz polynomial or, in other words, detexmine the conditions 
that the circuit parameters mst meet to make the circuit stable, The 
criteria for determining if such a polynomial is a Hurwitz polynomial is 
presented in Figure h. If the conditions of Figure h are meti-the cir= 
cuit may be concluded to be stable for the particular values of circuit 
parameters used, As can be seen in Figure 5, the coefficients of this 
fourth order polynomiel are by no means simple since gm, gm! g ! 

u, ul, S,,.and.S,' are all dependent variables, Fortunately alt of th 

Gepenticne variables are functions of either gm or gm', which are in t ie. 
functions of the other circuit parameters and the characteristics of na 
the tube being used in the circuit. Since it is possible to specify the 


most. critical values of g, and g,', which are the grid to cathode conduc- 
tances of the two cathode followers associated. with the cirewit, and all 
other dependent variables are functions of gm or em', re dealing with 
a problem containing only two variables, This stability: oroblem is there- 
fore suited for solution by ae of a digital aatocaghet analyzer. 
Since the factors Set and gp! are negligibly small for most considerations, 
the more practical iiethod ee solution is to make gm the independent vari- 
able and compute gm' so as to give the boundary between stable and un- 
stable. operation, In the particular case with which the investigation 
was first concerned the factor u' was assumed a.linear ees vunction of gmn'. 
This assumption was possible since for the operating conditions where 

u! was.not a linear function of gm' the plate conductance of ie lesser 
conducting tube was negligible with respect to the term fal Bio's be Brel s 

In fact negligible error was introduced if u' -was. assumed a ee over 
the range to be investigated. It was therefore simple to compute gm! 

for any given gm since gm' appears only as a first order. term in ao, a» 
2s and a3 and does not appear in a},, The resulting equations for detex 
mining stability have (gmt )3 as the highest order term and a’ third order 
equation is presented for solution, The roots satisfying the conditions 
of Figure | can therefore be found by the trigonometric method of solu- 
tion of the cubic equation. However, the problem was actually solved by 
means of a digital differential analyzer, The coding of the differential 
analyzer to solve such a problem is presented in Figure 6, It should be 
stated that in this case u and u' were assumed to be constants and g,, 
Bots Ses Dyes BT, sand Sn were zero because the design was such that no 
grid. current was required for either the flip-flop tube or the cathode- 
follower tube. The solution was accomplished by generating gn' as the 
independent variable and determining gm such that the conditions specified 
by Routh's criteria are met. 
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The stability plot for the above case is aman in Figure 7. 
It is noticed that this plot contains only four curves where Routh's cri- 
teria indicated a total of six curves. This is because two of the curves 
occur in the negetive gem region and are of no value in the stability 
analysis. Actually only one of the four curves of the stability plot is 
of interest in the determination of circuit stability and this is the 
curve that results in the lowest value of. gm for any given value of gm'. 
The circuit is stable if its operation results. in the region below or 
_to the left of this stability boundary and is unstable if its operation 
is in the region-above or to the right of the boundary. To decide if 
and under what conditions a circuit becomes unstable and consequently 
changes state, it is only necessary to determine the gm and gm! of the 
tube in the circuit by means of the static equations and the tube char- 
acteristics of that particular tube. These values of gm and gm’ will 
indicate the dynamic operating point on the stability plot of Figure ‘tae 
The cirevit is bistable if the dynamic operating points of both states 
of the flip-flop circuit are in the stable region, The circuit is uni- 
stable if one operating point is in the stable region and one point is 
in the wnstable region, THe circuit is oscillatory if both dynamic 
operating points are in the unstable region. 


Allowable Parameter Variations 


In investigating the problem of detezmining the maximum allow 
able resistance variations permissible for a given flip-flop circuit. it 
was found that the effective change in gm and gm' caused by the see Heats 
resistances has a much greater effect upon stability than the actual re- 
sistance change does. Since the dynamic stability plot does. not have 
gm or gm' as a fixed parameter it is seen that only one stability plot 
is necessary for any given relation among the parameters of a particular 
tube, At most two stability plots would be necessary. One plot for the 
average tube parameter relation is necessary for the original investi~ 
gation and one stability plot for the most critical case that is expected 
from a statistical analysis of a number of tubes of the type that is to 
be used in the circuit is needed. The most unfavorable condition for 
circuit resistance variations is: 


Ry decreasing in value Ry! increasing in value 
Ro decreasing in value Ro' increasing in value 
Re increasing in value R3' decreasing in value 


This is as expected since it can be seen that this condition caused the 
gm and gm', used to determine if the circuit is stable, to decrease and 
increase respectively, in turn causing the dynamic operating point of 

the circuit to be displaced towards the boundary line between stability 
and instability. However, the probability of such a variation in para- 
meters occurring is very small and the actual case of one resistor fail- 
ing completely is believed more probable, The maximmm allowable percent- 
age that these resistors may change in the most critical directions is 
important in that it does indicate the percent tolerance resistors that 
should be used in the circuit. Also it is usually a good indication of 
just how stable the circuit actually is. The maximum allowable sinul- 
taneous change in the most critical directions of the resistance values 
of the circuit for which the stability plot of Figure 7 was made“is 3%. 
The permissible variation in resistance values for the cirevit being used 
for computer work is much greater, 


Of interest, and probably the most important information with 
regard to the stability of the circuit, is the variation in tube charac- 
teristics that a particular circuit will allow and still operate correctly. 
With this in mind, it was decided that it might. be of interest to indicate 
the amount of allowable tube parameter variations which circuits have 
been successfully designed to handle. With the circuit for which the 
stability plot of Figure 7 was shown, the maximum possible varietion in 
gm was found to be -60%, both analytically and experimentally, from the 
mean value. The allowable variation in gem of the tube in tHe circuit 
‘ presently being used for digital computer work is -85% from the mean of 
a nunber of tubes for which tube characteristics have been taken. To 
demonstrate the effect of an unbalanced tube on the latter mentioned 
circuit, a tube with a transconductance of 3200 micro mhos on one side 
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and 500. micro mhos on the other side was found to. work very satisfactor 
ily in the circuit. In fact, the oy, noticeable difference. in. its opera- 
tional characteristics from that at of a well balanced tube in the circuit 
was a slight increase in required aunt voltage necessary to trigger 
from the most stable state to the least stable state. There was no 
noticeable change in other dynamic conditions and negligible change in 
static conditions. The mean valve for 0 of this type tube at the same 
operating conditions as the above test tube gave a transconductance of 
2000. micro mhos, It is also of interest to note that this circuit will 
operate correctly from a supply voltage of twenty to over two hundred 
volts. 


General. Design Information 


As might be expected, general information was gained from this 
investigation that is helpful in designing flip-flop circuits using’ a 
low supply voltage. In concluding this paper, it was believed benefi- 
cial to list some of the more important items: 


1.. A tube type should be chosen that exhibits.a large 
slope in the gm versus grid voltage curve so that 
stability can be assured for rey plate’ and grid 
voltage swingse 


2. Selection of a tube with a low value of grid current 
for a given gm is helpful. 


3. The circuit shovlc be designed so that the maximum 
transconductance is present at the operating point 
of the conducting tube. Designing for -maximum 
transconductance usually results in grid current 
which must be taken into consideration in the 
actual. circuit design, 


h. Cathode-resistor bias should be usec to allow for 
circuit and tube parameter variations. The time 
constant of the cathode circuit of the flip-flop. 
should be small with respect to the anticipated 
time required for variations in supply voltages 
and circuit parameters to take place. The time 
constant of the cathode circuit should be large 
with respect to the resolution time of the elrcuit 
if easy triggering is required. 


5. Lsolation of the grid circuits and plate circuits 
of the flip-flop from all capacitive leads anc low 
impedence sources is very important. 


6,. The higher the transconductance of the fully conduc- 

ting tube, the more stable the circuit with respect 
to-internal and external influences other than the 
triggering pulse. 


pte 


7. In deciding upon a cathode-follower tube type, 
the larger the values of plate current and trans- 
conductance per given amount of grid current, the 
better the tube for this purpose. 

: 8, The value of cross over capacitors is not exception- 
ally critical, However, the optimum size of these 
capacitors depends upon the magnitude of the various 
Wiring and tube element capacitance, 
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Addendum 


The quantities used in Figure 5 are as follows: 
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FIGURE 2° EQUIVALENT STATIC CIRCUIT 
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FIGURE 3 
EQUIVALENT DYNAMIC CIRCUIT 
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APPLICATIONS OF CRC~105 
DECIMAL DIGITAL DIFFERENTIAL ANALYZER 


Eric Weiss 
Computer Research Corporation 
Hawthorne, California 


Introduction 


In the two years since the first digital differential analyzer was 
put in operation, it has been the complexity of filling and operating such 
machines, rather than any difficulty in coding them for a problem, that has 
constituted the main impediment to convenience and efficiency in their use. 
In filling some hundred-odd binary digits, one at a time, for each inte- 
grator information, the possibility of error is great. For instance, let 
us look at the binary number | 


«01011.1101011100001010001111 . 


‘The decimal equivalent of binary .010111101011100001010001111 is .370000. 
Naturally, error is much less likely in filling the 6=-digit decimal number 
than in filling the 27-digit binary number. 


Description of CRC=105 


Out of these considerations developed the CRC-105 Decimal Digital Dif- 
ferential Analyzer (Figure 1), incorporating a number of features heretofore 
unknown in digital differential analyzers. The machine is all decimal, has 
60 integrators with a maximum accuracy of six digits and sign, and operates 
at a basic speed of 60 integrations per second for each integrator. 


Each of the integrators is provided with a 6-digit constant multiplier 
varying between +1 and ~l1, including +1 and -1. This constant multiplier 
enables the operator to carry through even scales of powers of 10 so that 
printed values can be scaled by simply placing the decimal point. It also 
eliminates the heretofore difficult scaling problem. For the convenience 
of the operator, the machine is so designed that when this constant multi- 
plier is left unfilled, it operates as +1. In this phase of the machine, 
negative numbers are entered as absolute value and sign, not as complements. 


tif 
- + Any one integrator can be coded to act as a limiter, so that a function 
fed through it will come out within predetermined values--an operation equiv- 
alent to limiting the maximum voltage in an analog computer. The output 
value will stay at the limit until the input value again reaches the limit, 
and falls within os 


If any- integrator should overflow during computation, the machine will 


automatically stop instantly » unless coded to the contrary, without losing 
information. Inspection of the indicator lights on the control panel will 


aaiy ef 


reveal which integrator has overflowed. The machine cannot be restarted 
until the overflow condition has been removed. At the end of this discus~ 
sion I shall outline several coding tricks which utilize the ove as 
of an integrator, in which case such an integrator has to be coded to per- 
mit overflow. ‘ 


The machine has 12 channels for transmitting incremental information 
while computation is proceeding. Each channel consists of two leads, where 
a pulse on. one lead represents a positive increment, and a pulse on the 
other lead represents a negative increment; if the function represented by 
that channel remains constant over any period of time no pulse will be 
created on either lead. 


The machine also has 12 channels for receiving incremental information 
while computation is proceeding. Each channel consists of two leads, inter- 
preted in the same manner as the outputs described above. Information re- 
ceived through these channels requires no external synchronization, all 
synchronization being taken care of within the machine. Such information 
can be coded into any one or several integrators with complete freedom, 
just as if it were the output of another integrator. 


At the main control station there is a built-in Flexowriter electric 
typewriter (Figure 1) which will type out the contents of the integrand of 
those integrators which are coded to be typed. This typing is fully automat- 
ic, and the machine will stop computation only long enough for the type- 
writer to type a set of data, regardless of hav many interrstors form sych 
a set. The point where information should be typed out is computed by the 
machine itself in any manner desired, which is completely up to the coder. 

It is possible, for instance, to have data typed out when a certain variable 
reaches a maximum or minimum, at the final point of computation only, at 
regular intervals, and so on, 


An extra channel is provided in the memory of the machine, to remember 
the initial conditions of all variables. Very often it is desired to change 
the initial conditions of some one or two variables, leaving the rest of the 
problem intact. At the touch of a button, the machine is restored to the 
original. conditions of the problem, and it is only necessary to make the 
desired changes in filling before running the problem as modified. 


REM esnd Opera tng 


As was pointed out at the beginning of this article, one of the main 
features of this machine is the simplicity of filling .gnd operating it. In 
the upper left-hand corner of the control panel (Figure 2) are two switches 
which select the integrator to be filled, and a third switch which selects 
the function of the machine or the channel to be filled, All information 
pertaining to any integrator (numerical as well as code and hookup informa- 
tion) is filled by means of the standard 10-key decimal keyboard while the 
selector switches are set to the number of that integrator. Five channels 
are. the maximum to be filled for any one integrator (three coding channels 
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stl Ads .A33 initial condition, K or Y,3 and constant multiplier, ¥o)» each 
channel contatning a maximum of seven decimal digits. Therefore, the 
operation of filling an integrator requires no more than the typing of five 
q+character words on a 10-key keyboard. Consequently, the whole machine, in 
a problem involving all 60 integrators, can be filled easily in less than 10 
minutes, with little likelihood of error. If a record is desired for later 
checking, initial conditions can then be printed out on the typewriter by 
throwing the PRINT INITIAL CONDITIONS switch. It has been-noted fron study= 
ing several application problems, that the same initial conditions often: ap- 
pear in two integrators simultaneously. Therefore, a special switch is pro- 
vided on the control panel which allows the filling of initial conditions of 
two consecutive integrators at once, still further cutting the filhing time. 


There are several occasions where obtaining the proper code requires 
an impossible decimal combination. The required combination is achieved by 
means of the * (star) key to the left of the decimal keys, which will super- 
impose a pulse in the 2% position. The machine operates in the 1-2-4-2* number 
systai. 


The RESET button brings the machine to the beginning (MSD) of the word 
of the channel and integrator indicated by the three selector switches. The 
three lights above the keys indicate which decimal digit of the word is being 
wired, ~ 


On top of the control panel is a visual read-out showing the contents 
of the channel of the integrator indicated by the selector switches. These 
lights make it possible to check information while filling or after filling, 
to take readings between computations, or to check a particular variable at 
a particular point. The read-out lights are in binary-coded decimal repre- 
sentation and must be interpreted in groups of four. 


The key marked C on the right-hand side of the panel will completely 
clear whichever channel is showing ’on the selector switch and will clear 
that channel for all integrators of the machine. This button will also 
start computation when the selector switch is pointed to COMPUTE, or will 
transfer the original initial condition from the K channel into the computa- 
tion channel, Y,, when the selector switch is pointed to T. It should be 
pointed out that in case of error or in case some small correction must be 
made in any ‘channel, filling new information into a given word automatically 
erases information previously in that position. Consequently, no erasing 
need be done unless it is desired to clear the whole channel. 


This computer can operate with several items of auxiliary equipment. 
In.order to facilitate feeding empirical functions in and out of the machine 
as computation proceeds, there is provided a graph reader and plotter which 
has “several functions. This equipment is manufactured especially for Computer 
Research Corporation by the Benson-Lehner Corporation of West Los Angeles. It 
is capable of reading a graph automaticaily by means of a line follower and 
producing a punched paper tape representing the graph for a.single-valued 


function. It is also capable of plotting a single~valued Dune Yon Enon. One 
tape, or a function representing one variable as a, PRne tor ae aes : 
two tapes, where, in turn, each variable is a function of ah z Pe Bike ts 
multiple-valued function can be plotted from punched paper ee a ater x 
can also plot information directly from the computer. withou intermediate | 
paper tape, in which case, of course, single- or multiple-valued TTBS eee 
can be plotted, one value against another. The same unit can also tee 
formation directly into the computer at the command of the computer, wi 
the computer controlling the x-axis, and the y-axis variable being fed di~ 
rectly into the computer. 


In addition to that equipment, there are tape readers available which 
feed information into the computer at the command of any variable, as well 
as tape punches which punch increments of a variable on a paper tape, where 
each tape axis is a monotonically increasing function of the computer. The 
only requirement there is that the tape-axis function shall not at any time 
vary slower than the other variable punched against it. 


All these devices feed in and out of the computer through the 12 input 
and 12 output channels previously mentioned. Figure 3 illustrates the basic 
hookup of each of these devices. If the problem demands. a capacity greater 
than 60 integrators, several machines can be interconnected through these 
channels, with no intermediate equipment. ; 


ene ex oe 4 to So ee 
instruments and actuators. “The* computer can this be used as a Simulating 
device. . 
Coding 


Now let us look for a moment at the coding of a machine of this sort. 
The- coding is essentially the same as for a Bush-type differential analyzer, 
with each integrator capable of accepting the sum of as many as seven var- 
lables as components for the integrand. Consequently, a summing device is 
not usually necessary. However, if the sum of several variables is to be 
fed into an integrator as the independent variable for that integrator, it 
can be introduced by means of a trick hookup (Figure )**) provided that the 
sum in question does not exceed the machine rate over a given period of 
time. The reason for this hookup is that an overflow fron +0.999999. spilis 
into -1.000000, and an overflow from ~1.000000 spills into +0.999999. Con- 
sequently, any integrator in which such overflow is desired must be coded 
to permit overflow without stopping the machine. 


*In these sketches, it should be understood, the integrand feeds into ° 
the lower part of each hookup, the independent variable for the particular 
integrator feeds into the top, and the output of the integrator appears in 
the center. In the lower part of the integrator box appears the content 
or-value of the integrand, or, in an operational integrator, whatever takes 
‘bhe place “ofthe integrand. Where the integrator box comes to 4 point, at 
the right, appears the constant multiplier, if any. 


e505 


Using the same operational feature, an integrator can be hooked up to 


act as a servo (Figure )). 
sent a function of another variable (v). 


In this case a variable (uv) is given, to repre- 


The negative value of (u) is then 


generated as a function of an assumed variable (v), a comparison is made 
against the given function, and the independent variable (v) is corrected 


so that the generated function matches the given function. 


The comparison 


is made in an operational integrator which makes use of the fact that 
40.999999 overflows into -1.000000 and vice versa. 


A third application of this feature is the use of an integrator to 


achieve multiplication of a variable rate 
(Figure lh). 


by a constant greater than unity 
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MULTIDIMENSIONAL MAGNETIC MEMORY SELECTION SYSTEMS 


.M. K. Haynes 
International Business Machines Corp. 
Poughkeepsie, N.Y. 


I. Introduction 


————= 


Many investigators have for several years been studying the use of rec- 
tangular loop magnetic cores as memory elements. It seems profitable at 
this time to examine, from a dimensional point of view, the various selec- 
tion systems which have been developed, and to find the relations between 
their operating principles. : 


The selection systems to be discussed operate on information in parallel 
fashion. Systems using time as one of the storage co-ordinates, such as de- 
lay lines, will not be included in this examination. 


The selection problem is that of either reading the information storedin 
a particular group of elements, or storing information in a group ofelerents.. 
During storing it must be possible to write one's or zero's arbitrarily in the 
various elements of a group, or word. The chosen means of performing this 
write switching must in a parallel system be independent of the means of word 


selection. 


Let us now define the number of dimensions of a storage andselection 
array. We shall count one dimension for every set of driving lines (or vac- 
uum tubes, saturable cores, etc.) such that there is one and only one line of 
each set which must be activated (or conversely, not activated) for any group 
of storage elements which may be selected. We shall count one extradimen- — 
Sion also for write switching. The number of dimensions then conveys the 
degree or number of coincidences which must be sensed by the magnetic ele- 
ments and by the mode of their internal connections in the array during the 
Write auperetion. «It does not include, of .course, ‘theselection*operations 
which may be performed external to the array proper by use of diode switches, 
magnetic devices, or other means of performing logical operations. 


II.: One Dimensional Selection Systems 


As an example. of a one dimensional selection systern we may examine 
the magnetic storage of the JAINCOMP-B computer, 1,2 made by the Jacobs 
‘Instrument Company. This method of storage selection uses equipment which 
directly selects the desired elements uniquely, and performs the desired 
operation on-them. It is an extremely simple method, it renders ahigh speed 
system possible using inherently low speed magnetic materials, and it places 
a minimum of quality control restrictions on the magnetic elements. 


a eS 


nema erence arcana 


Liaw Dimensional Selection Systems 

An example of a two dimensional selection system is found in, the Tae 
netic storage for the ENIAC? being made by the Burroughs Adding MU inh 8 
Company. This system utilizes both ends of the core windings in performing 
write switching. Biased diodes are used to prevent multiple paths through 


This method also allows very rapid operation to be achieved even 


the array. 
and does. not require the cores to 


with very low speed magnetic materials, 
have stable minor loops at the remanence points. 


Another two dimensional system may be generated by the use of coinci- 
dent currents, first suggested by Forrester, 4 as a means of write switching. 
A 2:1 ratio of MMF's is used in writing, and the ratio attainable in reading 
is essentially infinite. The writing ate may be increased to 3:1 by use of 
currents to prevent writing as well as to cause writing. 


IV. Three Dimensional Selection Systems 


An example of a three dimensional selection system is the memory being 
studied at MIT for application to the Whirlwind Computers. > This system 
involves the coincidence of two currents for selection, and anti-coincidence 
with digit currents for write switching. A 2:1 ratio of MMF's is obtained 

oth in Sarak and Writing. 

The coincident current technique can be directly extended to systems of 
more than three dimensions. This involves the coincidence of more than 
two currents, and consequently lowered MMF ratios. The maxirnum obtain- 
able ratios are shown in Figure 1. When n currents are used for selection 
(not including the digit writing currents), the ratio is n/n. When four or 
more currents are used in selection, an improvement may be had by applica- 
tion a a biasing MMF to the entire array. When full bias is used, the ratio 
is n+ 2+4e/nic<; whereezis zero, for n even, ands<is one,  iloren, odd 
The patts of bias is limited by the difficulties of supplying it in such fashion 
that the desired MMF ratios are preserved throughout the transient states. 


_ Another three dimensional selection system may be generated by useof 

a matrix principle for selection. ’ This is shown in Figure 2. It utilizes the 
fact that any winding, or series chain of windings, has but two terminals; and 
that current flowing through must enter at one terminal, leaving at the other. 
The matrix lines may be driven in such fashion that current enters on one of 
the x lines, flows through the selected group of elements, and leaves the ar- 
ray on one of the y lines. The other lines may be constrained to have zero 
current, or to be open circuits. 


al -j def . 4 . =~ : = : : - . 
A serious gris ct of matrix selection on this principle is the existence of 
: z ; = 
multiple paths through the array. If no corrective measures are applied, 


: iWwel = | - 7 : 7\ oS £ h a J a 15 . 
the magnitude of the largest multiple path current will be of the order of one- 


ab 


half that of the selected group current. However, the insertion of non-linear 
elements in series with each storage group reduces these multiple path cur- 
rents to a reasonable value. 


If-write switching is done by current coincidence, and selection by the 
matrix method, the MMF ratios are 2:1 for writing and essentially infinite 
for reading. The writing ratio may be increased to 3:1 by use of additional 
currents to inhibit writing. 


Figure 3 shows these two methods combined in an array. The chosen 
co-ordinates, xX, and ys» determine the selected word. Coincidences withthe 
various z plane currents determine the one's or zero's being stored. Figure 
4 shows one mode of physical realization of sucha system. It employs vac- 
uum tubes as the driving elements, and diodes as the non-linear elements for 
multiple path current reduction. Only a four word capacity is shown, and 
both output and digit input windings have been omitted from the drawing. Fig- 
ure 5is a block diagram for a capacity of 4096 words, showing diode read-— 
write gates, and diode matrices for address decoding. 


A grave difficulty is the large number of diodes requiredfor multiple path 
current reduction. Furthermore, the front-to-back resistance ratio required 
of them is quite severe. An array of n@ words requires 2(n@) diodes, since a 
diode is unidirectional as well as non-linear. If we assume as a reasonable 
criterion that the maximum allowable totalcurrent forall multiple paths should 
be less than or equal to the current in the selected path, then the diodesmust 
meet the requirement that Rs/R,)S 1/(n-1)*. The severity of this require- 
ment may render a large scale system of this type -impractical. The number 
of driving tubes is 3n + 2d, for d bits per word. 


The three dimensional matrix system can be realized in a more practical 
fashion, though applicable only to a very low speed range, by the use of relay 
points to perform not only selection of the matrix line, but also to completely 
eliminate multiple paths. Since relay points are bidirectional, n@ points will 
suffice for multiple paths and for one dimension of matrix selection. They 
are arranged inn groups, each group having n points which operate together. 
n single-point relays will suffice fOr she second dimension ofmatrix selection, 
(d + 1) points will control bit inputs and perform read- write gating. Thisis a 
total of n*@+n+dt1 relay points. 


V. Five Dimensional Selection Systems 


A five dimensional selection system can be. generated by further com- 
bination of the coincident current and matrix systems. The matrix principle 
is applied to select currents through the array which in turncoincide toselect 
the desired word. The operation principle is partly shown in Figure 6::as‘in 
the MIT three dimensional system; the chosen. elements lie on the intersection 
“of two planes, the x,y, plane and the x,y, plane, and in one or more zplanes. 


io: 


i i c e, for exan is not chosen directly, 
The difference lies in that the x,y, plane, tor example, 18 £& 


i ice: e _ordinates in a matrix” sys- 
but by the independent choices of the x, and y, co-0o7 dimates 11 pe * y 
‘ i r ne i im sion Oo se- 
Thus four co-ordinates must be chosen, one 1n each dimension, 
As before, anti- 
MMF ratios 


tem. 
lect the word whose address may be given aS X<Yg*eYg- * 
coincident z plane currents must be supplied for write switching. 


of 2:1 are obtained during both the read and write operations. 


The five dimensional combination system may be physically realized by 
and diodes as the non-lnear 


Figure 7 is a blockdiagram of 
The saving in numbers ofdiodes 


use of vacuum tubes as the driving elements, 
elements for multiple path current reduction. 


such a system for a capacity of 4096 words. : 
and driving tubes, and in the reduced complexity of the addréss decoding ma- 
trices, will be apparent. An array of n@ words has two matrix systems, each 
of V~n x Vn size and each containing 2n diodes. The diode requirement, based 
on the same criterion as before, is that Rs/Rp< 1/( “/n21)*, which is realiz- 
able even for fairly large arrays. The number of driving tubes is 6-v¥n +d, 


for d bits per word. 


Relay points may be used as a slower speedmeans of physicalrealization. ~ 
The manner of connections is analogous to the three dimensional case, but the 
total number of relay points required is reduced to 2n+ 2¥n+d+1 for five 


dimensions. 


VI. Higher Multidimensional Selection Systems 


Selection systems of more than five dimensions may become possible if 
and when magnetic cores can be made with sufficient uniformity and minor 
loop. stability to be useable with MMF ratios of less than 2:1. If a 3:2 ratiois 
possible, then three coincident currents may be used to select a word. Apply- 
ing the matrix technique to three currents generates a seven dimensional sys- 
tem. By use of a biasing MMF of a value equal to that of one of the coincident 
currents, the same 3:2 MMF ratio may be obtained while increasing the num- 
ber of coincident selection currents to four. Application of the matrix tech- 
nique to these four currents generates a nine dimensional system. 


Figure 8 compares the salient features of several selection systems, of 
various dimensions, for a parallel storace of n*-words of d bits each. The 
numerical values are for the particular case of n@ equal to 4096 and dequal 
to 40. The nine dimensional case has not been evaluated since the eighth root 
of 4096 is not an integral power of two. / 


VII. Conclusions 
The use of matrix selection of coincident currents appears to be a prom- 
1 1 ; Gi tS A c 1 + : : 2 . . . 
ising method of improving the selection eifictency Of Igree. Scale omacnetic 
rs) * 2 a 


memory systems. Although the five dimensional system has been expe ri- 
mentally proven to be basically operable, a large amount of- Geveloprment re 
- r pS th <a i , 


aoe 


mains to be done to find the optimum method of applying combinational selec- 
tion methods of this type. 
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introduction 

In December 1951, at the joint ATEF/IRE Computer Conference held in Phila~ 
delphia, several papers were given which discussed the performance of a single 
UNIVAC SYSTEM* during its first eight months of operation, -Although only eight 
months have passed since that performance sumnary was given, a much greater 
effective length of time has passed because three more UNIVAC SYSTEMS have been 
put into operation since then, and their records together with those of the 
first system constitute many more months of operation, This paper, therefore, 
forms an extension of the earlier paper in which we have the good fortune of 
being able to confirm a number of the predictions and estimates mentioned in 
the earlier work, 


Although many of you may already be quite familiar with the operating 
features of the UNIVAC SYSTEM, it is undoubtedly worthwhile to review them 
briefly as a preliminary to the evaluation of the performance of the several 
completed systems which we have constructed, 


The physical organization of the UNIVAC SYSTEM centers upon one large cab~ 
inet which houses the central computing circuits, This cabinet is shown in fig-= 
ure 1, Extending in a line from one ccrner of the Central Computer toward the 
right of the figure are the UNISERVCs* which are the high-speed magnetic tape 
input-output devices, The Central Computer is directly connected to all of the 
UNISERVOs and it is possible to associate as many as ten UNISERVOs with one Cen= 
tral Computer. If the problems to be solved do not demand this many devices no 
- alterations are necessary in order to control fewer than the maximum number, 


To the left of figure 1 is shown a small part of the Supervisory Control 
desk, A full view of the control panel is shown in figure.2, The Supervisory 
Control Panel provides the operator with all the essential control keys nec- 
essary for him to assert complete control over the internal operations of the 
Computer and the UNISERVCs, or to free the Computer of operator control and allow 
4% to perform the programmed operations automatically. In addition, the Super- 
visory Control Fanel provides at all times a complete picture of operating con= 
Gitions, The.numerous error circuits terminate with indicator lights on the panel 
for observing the correct functioning of the arithmetic operations, These error 
circuits, as well as the fusing and voltage monitoring indicators, provide simpli- 
fied location of circuit faults which may occur, 


Associated with the control panel is an input keyboard. by means of which 
Vnited aourits of input data can be inserted, or, more particularly, the oper- 
ator or maintenance man may alter small amounts of data in the memory during 
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anetyrle Sita este Ganevesved verd i pol 
program de~bugging or maintenance procedures, Beside the SUT ESR ne ee 
desk is a Printer Dolly carrying a typewriter for printing out small anennt 
of data, The typewriter forms a logical counterpart to the tnput keyboard, 


The remaining sections of the UNIVAC SYSTEM consist of units which are 
completely separate from the Central Computer, In figure 3 is shown the 
UNITYFER* which is the keyboard to magnetic tape device. The UNITYFER is 
useful wherever input data originates in any written or typed form. dnigis ee 
ure 4 is shown the Card-to-Tape device which serves the same basic purpose 
as the UNITYFER except that it operates from data already in PESOS on 
punched cards, In figure 5 is shown the UNIPRINTER*, the princinle output 
device. Tapes recorded by the UNISERVO can be mounted on the UNIPRINTER in 
order to obtain typewritten copy of the data on the tape. 


At the present time a high-speed printer is being developed which will 
be available in 1953. An entirely new Card-to-Tape Converter based on ex~ 
perience with our present Converter also will be available in 1953. This 
new Converter will be a self~checking device which will handle mark sensed 
cards as well as punched cards, Odd length stub cards will also be handled. 


Onerational Specifications 


The UNIVAC Central Computer responds to 43 different commands, Among 
these commands or instructions the usual arithmetic and logical operations 
are present as well. es a variety of input-output instructions. In figure 6 
is shown a simplified block diagram of the entire Central Computer. To the 
wyrent ere “shown the Tend O°rénistors, It“is podsihis™ to roed a bléck of 
60 words of information from a taps into the I tank or register and simul- 
taneously read from the 0 tank to another tape while internal operations are 
occurring within the erithmetic section, Since the time required for trans= 
fer between a tape and the I or O register is great, compared with the time . 
for arithmetic operations, this arrangement economizes on time for any prob= 
lems requiring large amounts of input and output transfers, Once the data 
is in the I register a relatively short time is required to transfer from I 
to the memory, The reverse operation, from the memory to the 0 tank, takes 
an equally short time, In the upper left section of the figure are show 
the control circuits which govern the internal operations in accordance with 
the program provided, In the lower section of the figure is show the arith= 
metic section of the Computer, The UNIVAC is a serial type Computer having 
a Single transfer bus which has communication with all the registers and the 
main memory, The memory is a mercury type acoustic delay line system capable 
of storing 1000 12 character words in addition to the 120 words of input— 
output storage, 


The operational description of the UNIVAC is not complete until mention 
is made of the ability of the UNIVAC to handle coded representations of alpha- 
betic chatacters, Each character (numeric or alphabetic) utilizes seven binary 
impulses, The UNIVAC can be assigned such tasks as elphabetizing and arranging 
of mixed numerical and alphabetical material, >) 
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si. In order to provide the highest reliability of operation, numerous cheek- 
jig circuits are included throughout the Central Computer, UNISERVGs. and the 
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auxiliary components, The checking circuits operate on two basic’ principles, 
The one. principle depends on the coded representations of the various charac- 
ters constructed on an odd-even relationship by which the number of binary — 
ones appearing in any code is always odd. The other checking principle is 
based upon duplication of units and comparison, the duplicate units operating 
simultaneously on the same data, -The latter type of checking circuit appears 
only in the Central Computer, but has been carried as far as was thought 
an to assure correct operation and make trouble location as fast as pos— 
sibhe, 


Probleins Which Have Been Solved By UNIVAG 
During the past eight months ample opportunity to test the UNIVAC SYSTEM 
on all types of problems has been available, The wide scope of problems which 
can. be solved by the UNIVAC SYSTEM is due not only to its alphabetic and numer- 
ical features, but also to its high-speed input-output system, The availability 
of ten high-speed tape devices at any one time has permitted the solution of many 
problems dealing with very large masses of data, During the solution of these 
problems the magnetic tapes were used as large storage devices which augmented 
the high-speed mercury delay line memory, Although the access time for tape 
recorded data is many times longer than that of the mercury memory, the design 
.of the UNIVAC includes a certain amount of parallel operation which reduces 
this access time, It is possible to read data from one tape, record data on 
another tape while simultaneously carrying on internal computations, Fullest 
advantage of this operation is realized by proper programming. 


Matrix Algebra Problem ~ One of the problems which best illustrates these 
features is the Matrix Algebra Problems, A report on this computation was de- 
livered at the ACM meeting in Pittsburgh on May3, 1952 by H, Rubinstein and 
J. Rutledge. Briefly, the Matrix Algebra programs were prepared to multiply 
and invert matrices up to the order 300 X 300, and to edit the resulting out- 
put. The matrices are partitioned into sub-matrices of order 10 X 10 or smaller, 
One set of programs, referred to as "low-level", performs the multiplication 
and inversion of the sub-matrices; another set of programs, referred to as 
"high-level", treats the sub-matrices as elements of a larger matrix in directing 
the operation of the low-level routines, 


The elements are carried in a floating decimal form, with ten significant 
digits and a sign, The elimination method is used to obtain an inversion, with 
successive iterations for the improvement of the error sub=matrix, The times 
for inverting a matrix are: 


Deaere5s 0.5. 50,', bswey nour 
Order 100 X 100.....8 hours 
Order 200 X 200,...57 hours 
Order 300 X 300,..200 hours 


The times for miltiplying two matrices are roughly the same, During the 


past eight months the following matrices have been calculated; (40 X 30), 
(30 X 30), (30 X 10), (10 X¥ 10) with check multiplication; and inversion of 
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(45 % 45), (40 X 40), (50 X 50), and (200 X 200) matrices abt wish et 
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required the plotting of sixty trajectorics, le Se ELECT ee 

Si aacites ee projectile were included in the basic Praleeniags oe 

A simple point-by-point integration scheme based on Tayler Ts Ser a see 
The initial interval was 0.01 seconds which was later changed to 03 a 
after the transients died ott, The scheme permitted a 60 second trajectory 

to be computed in three minutes. Ten significant results (height, pe lon sad 
velocity, etc.) were printed for each point, Since these results be 2 es se 
on magnetic tape during the calculation, the computation time was no ree: 
by the printing, A second phase of the problem correlated Oe range es e 
jnitial conditions, A fifth degree polynomial in three variables was chosen 

to represent the range, The 56 coefficients of the polynomial were BRE: 
by inverting a 56 X 56 matrix representing the initial conditions and then 
multiplying by the range vector. 


Atomic Energy Problem - Since the spring of 1952 the Atomic Energy Com- 
mission has submitted for solution nine different large-scale problems in- 
volving the numerical solution of sets of partial differential equations, 

More than 5000 personnel hours have been devoted to this work, and the UNIVACs 


themselves have been working for a total of 1700 hours toward their solutions, 


Over the entire range of time, 1500 hours of the total computer time 

- have been divided equally between UNIVAC No, 1 (Census Bureau) and UNIVAC 
No, 3 (Army Map Service), UNIVAG No, 4 contributed en additional 150 hours 
prior-to its acceptance test, and 50 hours since the acceptance test, Rela- 
tively little difference in the performances of the three machines has been 
noted, 


During the 1700 UNIVAC hours, the Computers were operative &4.5 Of of 
the time, The remaining 15.5 °/o of the time was devoted to unscheduled 
maintenance on the part of the engineers and operators, An edditional 3.7 % 
of the time was spent recomputing lost values because of Computer troubles, 


Primarily because it was decided to use a fixed decimal point and to 
scale all numbers accordingly, a larger amount of time has been spent in 
"bugshooting" than might normally be expected, This has been responsible 
for 28,2 °/o of the 1700 hours, 


The nine problems Solved on the UNIVAC will be designated A,B,C,D,E,F,G, 
H, and I for convenience, Some are completed; others are still producing; 
still others are just emerging into the first stages of Computer~checking, 


Problem A has three distinct variations, two of which have been con 


pleted, Over 700 computer hours have been Spent on the three variations of 
this problem, 


Problem B has been finished, and used 130 hours of productive time, In 


addition to this time, however, more than 200 additional hours were spent, 
largely in the preparation of subsidiary routines of applicability to the 
ANC projects, and of equal interest to the computer field in general, The 
first of these is of the nature of a codecheck, wherein a master routine 
follows the stepwise progress of each instruction in a coded program, 
Whenever a calculation of significance has been performed, this "Automonitor" 
routine causes that result to be printed out on the Supervisory Control 
printer, Whenever a decision is made by the computer, appropriate infor- 
mation concerning the selection made is written out on the Supervisory Con- 
trol printer, This Automonitor Routine will prove invaluable in the bug= 
shooting phases of later problems, ; 


A second routine of general interest was the preparation of a graph edit. 
In problems involving partial differential equations, a great amount of numeri~- 
cal results is to be expected... This information will invariably convey a more 
ready assessment of results if it is graphed, The graph edit is designed to 
do just this -=- the values of a function versus selected values of the indepen= 
dent variable are computed, Using a sheet of paper allowing 100 spaces across 
the page, the various values of the function at each value of the indepen-~ 
dent variable can be charted automatically. The results of this first graph 
edit proved so valuable that a second graph edit was prepared. In this case, 
six functions instead of one are simultaneously graphed. This routine has 
only recently been put into production, and has been applied to the output — 
-of one of the completed problems, 


A third subsidiary routine of general interest is one which evaluates the 
relative accuracies of various numerical integration formulas for specific 
ranges, for specific intervals, and for various types of functions, 


Problem C has had thirteen variations to date, of which ten are completed. 
The time consumed in solving each of the variations ranged from 2 1/2 hours 
for the shortest to 37 hours for the longest. In this problem, the computer 
was caused to evaluate a stability factor for cach point, When this stability 
factor indicated that accuracy in computations might suffer, the increment in 
the independent variable was halved, When, on the other hand, the stability 
factor indicated that larger steps might be used with relatively little loss 
in accuracy, the UNIVAC itself automatically doubled the interval, 


Problems D, E, F, G, H, and I ere all partial differential equations in 
which basically new approaches of general interest have been used, They 
-ere all in various stages of de-bugging or operation, 


Charts I and II show the summaries of the UNIVAC operations on each of 
the seven problems, broken down into appropriate subheadings. It should be 
observed that one indicates the total number of hours spent on a problen, 
and the other chart is a percentage-wise breakdown of activities, Each chart 
should be used in conjunction with the other, since the variation in total 
time used is very great -- the smallest using 1.7 hours; the lergest using 
728.7 hours, ; 


fpeconnting Problem - In the field of commercial-problems a “general 
accounting procedure for a division of a large corporation was developed for 
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the UNIVAC SYSTFM, The procedure was based upon 1300 dipped 
formed the input to the Computer, and which were then used ba EDN 
preliminary ledger, final ledger, balance sheet, i. of Ren Me a“ 
administrative expense, and the statement of income. In aos bo Be - 
duce the ledgers, the transaction items were reyes by Logs ke a 
ascending sequence, The sorted transactions were then nerged wi ee eee 
account headings and balances to produce a listing by accounts of oe 
transactions and thus create nev balances for each account, In addition, 
statement totals were calculated by groups of accounts which were used : 
later to prepare the balance sheet and associated statement. dey ae 
figures were computed for sectioning purposes. Totals, Sub votess» an e 
centages were calculated according to the various statement accounts ier 

by the company during the procedures which prepare the balence sheet an 
statements to management, 


Railroad Freight Problem ~ Another commercial problem was concerned 
with the freight movements originating and terminating on the rail lines 
owned by a particular railroad organization, The initial process computed 
a listing by each of the current day's transactions, The transactions 
were then sorted by commodity number and accunmiated day by day so that tables 
could be prepared at the end of the month to show the monthly movement of 
each commodity, The transactions were also sorted on a day basis by division 
at the end of the month, The Interstate Commerce Commission Report was 
‘also prepared cach month, The total volume for this problem is &,000 items 
per day of which a sample input of 2,000 items was used for the demonstration. 
runs, 


Life Insurence Problem = A third commercial problem which has been pre= 
pared for the UNIVAC SYSTEM and run on one of the installations at the Eckert= 
Mauchly plant involved a large life insurance activity. Of particular in- 
terest in this problem is the fact that the routines used on the UNIVAC re= 
produced exactly the work presently being performed by punched card equip- 
ment, The procedures developed in this way did not, therefore, take full 
advantage of the potential ability of the UNIVAC. However, there were 
numerous checks and tests built into the routines that are not possible with 
the punched card equipment and several additional fields of information 
were carried with each policy which could not be carried on a Single punched 
cerd, The work represented a monthly cycle of work performed in the Actuarial 
Division of the company. Approximately 90,000 monthly transactions in the 
form of detail cards were transcribed by the present Card—to-Tape Converter, 
These cards were then processed by the UNIVAC to produces 


(1) An edited policy item file, 

(2) A set of check totals, and 

(3) The output in tebular form by use of suitable 
editing routines, 


The totals have been checked digit by digit with the equivalent work 
done by the punched card equipment, There was not one discrepancy which 
cen be attributed to the operation of the UNIVAC SYSTEM, Another file of 
punched cards was also transcribed by the Card~to-Tape Converter which . 
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ineludedapproxjmately 80,000 cards, All cards transcribed have been checked 
out and of this total of approximately 170,000 cards, only 13 corrections 
were required. In order to prove out the routines involved and to do the 
production running on the first 70,000 cards, including demonstrations, 97 
hours of UNIVAC time and 30 hours of Card—to~Tape time have been used, 


Such a problem as that just described points out the very important 
single factor in commercial computation that, where dealing with numerical 
quantities representing dollars and cents, no errors in any quantity can 
be tolerated. In contrast, many statistical problems can tolerate random 
errors of a statistical nature. Such a problem as described above, however, 
proves error-free handling from stert to finish if, as in this case, every 
balance and total checks identically with previously obtained data by other 
means, 


Stock Control Problem - One of the logistical applications of the 
UNIVAC is a Stock Control problem for a government agency. In this pro- 
blem, statistical rates of part replacements during overhauling and main- 
tenance cycles ere kept by the stock control point, and are applied against 
the planned maintenance and overhauling schedules of each station to pro= 
duce the number of such parts needed in the next quarter, Each station 
supplies a stock inventory record which is processed against the computed 
requirement to determine the stock level of the station area, As far as 
is possible adjustments are made within the system by shipping stock from 
reas with excesses to areas with deficiencies, The remaining unsatisfied 
deficiencies are supplied by ordering. Input data for this problem were 
received as punched cards comprising a selected group of about 300 stock 
numbers of a particular component. By use of the Card-to-Tape Converter 
these cards were prepared for UNIVAC operation. -From this input data the 
redistribution pattern is determined and the quantities to be ordered are 
computed according to geographical sections, 


Performance Record 
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In discussing the performance record of the UNIVAC SYSTEM, the broadest 
possible interpretation is being placed upon the work performance, The 
UNIVAC SYSTEM was originally conceived and.designed to be a computer in~ 
’ tended for mass production in so far as an item as large and expensive as it 
is can be mass produced, Therefore, the performance of the UNIVAC should 
be viewed not just as a percentage of down-time, but also in light of its 
future installation in many locations and operation by many different people 
outside the sphere of the original design staff. In all respects, it can 
be said that the original conceptions were sound, 


On February 7, 1952, we began for the first time the somewhat fearful 
task of disassembling, shipping, reassembling and testing out a UNIVAC 
SYSTEM, Naturally there were many headaches during the course of the next 
five months until the customer's operators and maintenance men took over 
and we have learned through hind sight many ways to avoid and lessen these 
headaches, We have, however, satisfactorily completec the testing out and 
made complete delivery of a UNIVAC SYSTEM to a point outside our plant, 
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This system is now completely in the hands of the customer and. Se te 
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to give very good performance records, Considerable planring oe ae 

: : isequ incering tests, 

tua si vil ere and the consequent enginee 
actual physical moving operation é a gE CE oc 
continued satisfactory operation net only verified tee planning B Lee 
ini 1 ‘ hich maintenance men, operators, and programm 
the training programs by which maintenén RET y : pas 
were prepared for their tasks, We are continuing to study nese p a 
in the hope of further improving the effectiveness of our solutions as wel. 


as to shorten the time required to perform them, 


In the field of programming and problem analysis we have are 
experience which has also borne out the criginal conceptions of % tes 
SYSTEM, Several prospective customers have enalyzed their own pro pe 
and have completed their own programming and coding, This work was = et 
on one of our computing systems, Not one, but several groups oe pecans 
associated with Remington Rand, have already produced programs Tor une AMEE. 
It. is satisfying to know that our method of problem analysis can be PeuEue 
with ease to the customer, and we ere sure that the customer derives great 
satisfaction from seeing the results of his own study used on the computer. 


The first UNIVAC SYSTEM produced was delivered to the Census Bureau, 
In the December, 1951, paper mentioned above, we predicted that much of 
the down-time recorded against this first system would be eliminated in 
later systems because so much of it could be attributed to failures which 
were designed out of the system. The records on not only system No, 1, 
but also systems Nos, 2, 3, and 4 amply bear out our earlier hopes, Figure 
7 is a.bar graph showing the monthly percentages of down-time for system 
No, 1. ‘the slight rise in.March 1952. marks. that.point when tne Ceasus 
Bureau maintenance personnel took over from the Eckert-Mauchly personnel, 
At that same time we introduced several improvements in the equipment and 
gave additional training. As it now stands the Census engineers call on 
Eckert-Mauchly engineers when they have difficulty diagnosing trouble, 
It is natural to expect such a jump under these conditions and we feel 
highly gratified that the jump was so small. Figure 8 shows the percentage 
of scheduled maintenance time for system No. 1. 
Figure 7 showed two peaks in July and September 1951, while scheduled 
maintenance time (Figure 8) for the same two months was low 5 in contrast,. 
August and October 1951 had more scheduled maintenance time and proprotion- 
ately less non~scheduled maintenance time, During these two months the 
scheduled maintenance time was extended so as to allow for the engineering 
staff to incorporate desi changes, In each case the non-scheduled main- 
tenance percentage responded by decreasing, What has been attempted is to 
maintain enough scheduled maintenance time so as to reduce the non~scheduled 
maintenance time to a minimum, since the non~scheduled time is a nuisance 
to both user as well as engineer, It is also worth noting that the UNIVAC 
SYSTEM No, 1 is the first model, there having been no previous breadboard 
model built, It, therefore, has been for the most part the proving ground. 


Figure 10 shows the percentage of non-scheduled maintenance time based 
on..@..week of a 168 how's for UNIVACG SYSTEM No 3, The average for systen 
No, 1 is about 10 percent while that for No. 3 is. aboiths5 percent... Figure 11 


Shows the scheduled maintenance time for System No, 3, 


Our -experience with system No. 2 was not of sufficient duration.to cole 
lect the same amount of data as has been given for systems Nos, 1 and 3, As 
soon as system number two passed the "Acceptance Test" the Commuter was dis - 
mantled and removed to its permanent location. However, we have received 
extremely favorable comments concerning its operation im the new location, 
It-appears» to be running about the same amount of down~time as No. 3, using 
the customer’s maintenance group. 


To summarize the maintenance problem for the UNIVAC SYSTFM, we feel com= 
pelled to give great credit to the inclusion of adequate error circuits. In 
the first place the error circuits in the UNIVAC cause the Computer to cease 
further operation which thus prevents the propagation of an error, In addition 
the error circuits being so numerous are able.to lead a maintenance man 
rapidly. to the source of difficulty, When a construction has reached the com 
plexity represented by the UNIVAC Central Computer, isolation of the trouble 
geographically and logically becomes an appreciable part of the time required 
for complete remedial action, Only through the inclusion of many check points 
throughout the Computer system has the non=scheduled maintenance time been 
kept.so low. A further dividend from this design policy is, of course, the 
guarantee to the user that results obtained have an extremely high statistical 
chance of being correct, : 


Q August 22, 1952, system No, 4 was given its first acceptance test 
and has passed it with flying colors, Therefore, beginning as of this date 
new data will be collected on this system and experience so far leads us to 
estimate that it will at least equal and very likely better the records 
achieved by its predecessors, Still later computers are, at present, in 
various stages of test and construction, 
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AN AUTOMATIC CRUISE CONTROL COMPUTER 
FOR LONG RANGE AIRCRAFT 


James Robert Shull 


J. B. Rea Company, Inc. 
11941 Wilshire Boulevard 
Ios Angeles 25, California 


This paper presents a qualitative discussion of present manual cruise 
control techniques and a proposed automatic cruise control system for long range 
military aircraft. A mechanization of the cruise control computer and its oper- 
ation are described, and a comparison of the automatic system operation with 
current manual techniques is presented. Although the application of the cruise 
control computer to long range military aircraft in particular is discussed, the 
principles in general would apply to long range commercial aircraft as well, 


The continued increase in range requirements for large military aircraft has 
accentuated the importance of maintaining a high level of operating efficiency at 
all times. Of particular importance are the increased requirements placed on 
long range cruise control techniques in order to obtain maximum rarige. At 
present, flight personnel control the power plant~airframse combination to obtain 
maximum range during cruising flight by adjusting the power settings according 
to precomputed data obtained from cruise control charts, These charts list the 
power settings to be used in order to realize maximum range unddr various opsr- 
ating conditions, such as gross weight, altitude, and wind conditions, The power 
settings, of course, must be periodically adjusted to account for changes in these 
operating conditions. 


Cruise control charts can be prepared from theoretical calculations or from 
flight test data. While those prepared from flight test data are more realistic, 
the cost and tims expended in their preparation are tremendous. In either event, 
the preparation of the charts is usually based on the establishment of ideal air- 
plane duration characteristics. Figure 1 shows the variation in duration char- 
acteristic with altitude, for a turbojet airplane, In general the duration char— 
acteristics of all airplanes have a similar form regardless of the type of power~ 
plant installed in the airplane. The cruise control information obtained from 
these curves is shovm more clearly in Figure 2, Here a typical characteristic for 
an airplane of a given gross weight and operating at a particular altitude is 
reproduced, If the power settings are adjusted to give operation at mAs maximun 
endurance will be realized, ‘Whereas power settings for operation at nBl would 
allow maximum range to be realized. In addition to the duration characteristics, 
data: from specific fuel consumption charts, speed-power’ charts, propeller efficiency 
charts (in the case of reciprocating engines), and others, are required in the 
preparation of the complete cruise control charts. 


A very serious limitation to the use of these charts is the fact that any 
adverse operating condition (such as icing, enemy attack damage, malfeactions of 
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the. powerplant or flaps, etc.) makes the informats it the i 
at the very time it is needed most. Additional disadvantages as. 
cruise control charts include tho necessity of periodke manual adj 
power settings, the complexity of the charts with the attendant po 
error, and the large number of charts required to cover normal ope 
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An automatic cruise control system offers a simple solution to these problems. 
harts and would also eliminate 


It would eliminate the need for cruise control ¢ 
many of the manual operations required in present cruise control techniques. The 
operation of the automatic system can ba explained with greater ease if the air- 

plane range performance characteristic, shovm in Figure 3, is used as reference. 
This range characteristic can ba obtained from ths duration characteristic of 
Figure 2 by plotting the ratio of airspeed to fuel flow as a function of rpm corre- 


sponding to the fuel flow. 


‘The form of the range performance characteristic, shown in Pigure 3, exhibits 
the peak required for successful application of optimalizing control to a system. 
The principles of optimalization control have been developed and proven by Dr. 

GC. S. Draper end Dr. Y. T. Ii at H.I.T., and the results of their work have been. 
published by the A.S.M.E. in a paper entitled "Principles of Optimalizing Control 
Systems and an Application to the Internal Combustion Engine". Ths operation of 
the cruise control computcr discussad in this paper is bassd on these optimalizing 
principles. 


The operation of the automatic cruise control system shown in Figure 4, can 
be explained briefly in the following manner: the cruise control.computer con- 
tinuously monitors the airspeed and fuel flow signals and computes their ratio as 
the range paramoter - - miles per pound. . By optimalizing control, the cemputer 
causss the engine or turbo rpm to be slowly varied as a function of this range 
parameter, This rpm variation is constant with respect to time end as long as 
the range parameter is increasing,the rpm time rate of change is not altered, 
When the rpm variation causes the aircraft to pass the psak of the ranges perfor- 
mance characteristic and the miles per pound signal starts to decreass, the 
computer causes the rpm time rate of change to reverse so’ that the peak of the 
performancs characteristic is again approached. Thus the automatic eruise control 
_ system is designed to control the rpm so that the range parameter approaches and 
oscillates slowly about the peak of the range performance characteristic. 


For discussion purposes only, the computer will be assumed to be installed 

in a jet-powered airplane that is characterized by the range performance character— 
istic shown in Figure 3, and the initial power settings result in opexation at 

the indicated point. A schematic diagram of the computer mechanization is shown 

in Figure 5, where a conventional relay servo can be utilized to perform the 
indicated division, The arrows in the relay coils indicats the direction of con- 
tactor motion when the signal in that coil is dominant. The contactor positions 
shown in Figure 5 indicate that the signals on the two differential redkay coils, 
"A" and "BM, are about equal, and the latching relay is causing the throttle to 

be slowly advanced and therefore the engine rpm to be increased, 


Under the above operating conditious the miles per pound signal fed to coil 
"A" of the differential relay will. bo increasing. As the miles .per pound signal 
increases, the differential relay contactor oscillates batween positions cha, oe 
two and intermittently applies excitation to ‘the D.C. motor to drive tha pobentio- 
meter wiper in a direction to increase the signal on coil "B" of the differential 
reley. Thus, ¢3 long as the miles per pound signal is increasing, a reference 
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signal-is maintained on coil "B" that is equal to, or slightly less than, the 
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miles per pound signal on coil "A", 


When the rpm is increased to the point thet the ran: rmance character- 


range performea 
istic peak is passed, the miles per pound signal starts to decrease. But the 
- pil a . 
signel_on coil "B® will remain constent at a value equal to or slightly less than 
ssi 


the maximum value which the miles per pound signal reached in passing the peak of 
the range performance characteristic. When the decreasing miles per pound signal 
allows the reference signal on coil "B" to dominate, the differential relay con- 
tactor is-moved to position 3. In this position excitation is applied to the 
latching relay coil and to the time delay relay. The actuation of the latching 
relay ceuses the time rate of change of rpm to be reversed, thus causing the sys- 
tem to again approach the peak of the range porformance characteristic. ‘The time 
delay relay is necessary because of the time leg of the power plent-airframe con- 
bination that occurs between an abrupt change in rpm and the resultant change in 
the range paremeter-miles per pound. After this time dolay, excitation is ap- 
plied to the D.C. motor to cause the reference signal on differential relay coil 
"BY to be eliminated by driving the potentioneter wiper past the potenttioneter 
excitation terminel to the ground terminal. ‘This causes the differential relay 
contractor to abruptly move from position three to position one and the motor con= 
tinues to drive the potentiometer wiper until the reference signal on coil "B® is 
equal to or slighly less than the slowly increasing miles per pound signal on 
coil "A", hus the system is ready to start another cycle of opsration. 


The most important advantage of en automatic cruise control system is the 
fact that the effects of any adverse operating conditions are included antomati- 
cally since the actual power plant-airframa combination is an intesral part of 
the system. A qualitative discussion of the effect of some adverse operating con- 
dition, such as wing icing, upon the range performance of an airplane will be pre- 
sented with the aid of Figure 6, The upper curve in this figure represents the 
performance characteristic during ideal operating conditions, whereas the lower 
curve represents that particular characteristic which includes the effect of wing 
icing, If the flight personnel were adjusting the power settings according to 
data from cruise control charts, these settings would be adjusted to give opera~ 
tion about point A. But operation with these power settings. would not allow the 
maximum miles per pound to be realized as shown by the lower curve. However, if 
-en automatic cruise control system were controlling the power settings, then opera-~ 
tion would be about point B--the peek of the actual range performance characteris- 
tic, Thus by continually seeking the peak of the actual performance characteris— 
tic an automatic cruise control system would result in more miles flown per pound 
of fuel consumed, While the information in Figure 6 is not to scale, it can be 
used to illustrate the operation of an automatic cruise control system during some 
edverse flight condition and the resultant gain in range over manual cruise con- 
trol, The gain in range, of course, increases as the difference between actual 
and ideal flight conditions increases. 


It should be pointed out that the computer mechanization shown in Figure 31 
contains only the basic operating components. A practical mechanization would 
‘require smoothing of the airspeed and fuel flow signals as well as providing 
limits on the airspeed and rpm reduction. In eddition, provisions could. be.in- 
cluded for biesing the airspeed signal to account for wind conditions. An 
important factor to be considered from the economic standpoint is the eg = 
of the range performance characteristic. As the peek of this charactertsitc 
flattens out, the gain in range realizable with an automatic crvise control sys~ 
te decreases, However, the ideas for a cruise control computer, as described 
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in this paper, have had sufficient merit to warrant the ested. 
; es ’ nd $ , 7 4. 
¥Yorce development program for the construction and flight te 
unit, The test results of this program should be available 
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A STABILIZED ELECTRONIC MULTIPLIER 


C. De Morrill’ and hs V.sbeume 
Aerophysics Department 
Goodyear Aircraft Corporation 
Akron, Ohio 
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Many people engaged in the development of precision analog computing 
equipment have concluded that the two most useful computing circuit elements 
are a stabilized d-c amplifier and a high-speed precision switch. The first 
requirement is met by a eircuit disclosed by Goldberg. A method of stabi- 
lizing a large number of d-c amplifiers with a single pulse amplifier was 
first reported by Ingerson. nee 


A variety of electronic switches have been described in tne literature. 
Most provide the necessary speed but, to the authors! knowledge, few provide 
the accuracy and drift-free operation required for precise computing. The 
authors have used a, simple but adequate voltage switch in a time-division mul- 
tiplier3. Goldberg! has described a precision current switch; although this 
switch meets all. operational requirements, 1b is somewhat elaborate and is 
restricted to unidirectional currents. 


This paper describes a time-division multiplier employing stabie, precise 
voltage switches. Stabilization, by reducing drift, provides increased accura- 
cy and repeatability; by eliminating the need for manual balancing and align. 
ment, it affords greater operating convenience, particularly when a large 
number of multipliers are used in a single installation. 


Contrary to earlier expectations, the stabilized multiplier is simpler and 
_ probably more reliable than the unstabilized multiplier reported by the authors 
in 1951.7 An important feature of the multiplier is its ability to recognize 
and to signal overdriven inputs, an overloaded output, or a component malfunc- 
tion; the complete failure of any part or the out-of-tolerance failure of any 
tube or resistor, except for a few wire-~wound resistors, is immediately made 
known to the operator by visual or audible means. 


This stabilized multiplier,in its present form, uses eighteen vacuum 
tubes, none of which requires selection. In the current. stage of development, 
its accuracy is to within 0.1%. Changes in calibration and drift from day to 
day are negligible; accuracy and repeatability are maintained even with changes 
in vacuum tubes. ,The frequency response of the multiplier, measured at its out. 
put, is flat to about 200 cycles per second. 
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Theory 


Although the basic method of time-division multiplication is not Heer 
an explanation of the process will be repeated. The algebraic product of two 
voltages is formed by averaging several cycles of a quasi-rectangular wave- 
form; as shown in figure 1, the duration and amplitude of alternate portions 
of the waveform are functions of the input variables. The amplitude of the 
first pore.on Of each cycle is Y and its: duration is rT = K/(Z - X) second; 
the second portion is -Y for To = K/(Z + X) second; the average value is 
¥(T, - To)/(T, + To) = X¥/Z. This basic waveform does not actually appear 
anywhere in the multiplier; however, the same effect may be produced in 
several ways, one of which will be described. 


Figure 2 is a block diagram of a time division multiplier. Timing of the 
waveform is dependent on input variables X and Z, and is controlled by switch 
1, the integrator, and the bistable multivibrator. The multivibrator, which 
changes from one of its stable states to the other whenever the output level 
of the integrator reaches ¢) or €5, actuates switches 1 and 2 in unison... When 
the output of the integrator Pethee €o9, switch 1 is closed and the input to 
the integrator is: 


ix Z A x a 
sian ti, a EE a a ee (1) 
c 2ab ab c 2ab 


where a, b, and c are constants. Since the output of the integrator must 
reverse direction, one requirement in the choice.of constants is that: 


4nin > Aes (2) 


2ab Cc 


The output of the integrator then increases linearly with time from e9 to €)$3 
the required transition time, Ty» is established by the following equation: 


Gi | 

: s| (3) 

K eee ib ae Gere Bi 
Se 2ab ¢/ 1 


where K is the gain of the integrator. 


From Equation (3), it follows that, since X and Z may be assumed constant 
over the interval, 


- & - 
git 2 (ly) 
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Similarly, when e, is reached, switch 1 LS opened and thes Sate ae 
decreases linearly with time from Cy to € establishing the time Ip by 


b a 
he (5) 
K Segre 5 dt = ay tage ae | 
Oo 2ab C 
Therefore, 
aoe ee age ee (6) 


The output of switch 2 is -Y¥/d during the interval T and zero during To; thus 
the average input to the output amplifier and filter is 


(Y/ka)T, ata Ty L; ab) [aK 
(W/2\cd) a Roe fet ere a Ss ( 
T +7, kd | 2 Dest c 2 


The scale factor of the output amplifier is such that the outpu} voltage is 
KY/Z. 


The frequency or repetition rate of the quasi-rectangular wave is 


| 1 Kab (Z/2ab)* ~ (Crfe)e (8) 
fi---.s+so-oO | 
qT) + Ty = = e, é 


With Z = +100 volts, this frequency varies from 15 KC for X = O to 10 KC for 

X =+ 100 volts. It decreases rapidly with Z, and consequently, in common with 
other time-division multipliers, there is a limitation imposed upon the minimum 
value of Z which may be used in problems in which good filtering of the carrier 
frequency is required. In problems requiring both a wide range im % and good 
filtering, a circuit employing a multiplier with two Y-sections may be used. 


Switch 1 of figure 2 is shown in more detail in figure 33. ib. CONST eLS 
_ essentially of a stabilized d-c amplifier having two alternately switched feed- 
back impedances, During the positive portion of the input from the multivi- 
brator; VBA conducts disconnecting Ro 3 Simultaneously, V3B is cut off, and 
conduction through V2 closes the feedback path through R... Similarly, during 
the alternate period, the feedback path is maintained through R,,. The output 
_ voltage is taken from the junction of V2 and R 93 when V2 is on and Vi off, 

the output voltage is precisely equal to (Roo/RS) Ze When V1 is on and V2 is 
off, the’output voltage is zero since the junction of Rj, Ro} and R,5 ig main- 
tained at ground potential by the duc amplifier. 


When this type of switch is used to supply the resistive Tnvut Ol a dec 
feedback amplifier, the chief sources of error are due to the stray capacitances 
of Vz, Vo, and Vz, and to the winding inductances of the wire-wound resistors, 
Ro] and ay The effect of stray capacitance is minimized by the use of low 
values of. resistance for Roi» Roos R,, Ro, and Rr3 winding inductances are © 
compensated by the use of small shunting capacitors. 


In order to achieve good filtering of the output without inducing exces- 
sive phase shift at low frequencies, it is necessary to supply an RC filter 
from the output of switch 2. Although the output impedance of the closed 
switch is quite low, the impedance of the opened switch, compared to that of the 
RC filter, cannot be made negligibly small. As a result, the transadmittance 
of the input network is not constant but is a function of @ (= T)/ 171 +7. )e 
This partial filter together with the output amplifier and the remainder of the 
output filter are shown in figure h(B). The error caused by the finite output 
impedance can be compensated completely by using an identical RG network 
between the output of switch 2 and the integrator; thus, C, = C3, and 
Li oS Ro = 72: hte. tt, C5 is made equal to [ Ro/ (Ry A He) C; to retain true 
integration of the appliéd voltages. ; 


The design of the output filter for a time-division multiplier is made dif- 
ficult because the intended use of the device is not always known. If the 
output is to be integrated, little or no filtering is required. On the other 
hand, if the output is to be connected to some other non-linear circuit, very 
good filtering may be required to prevent an undesirable d-c off-set; this is 
particularly true if one multiplier supplies another operating at or near the 
same repetition rate. Since too little filtering may cause gross errors, a 
small amount of phase shift at signal frequencies must be tolerated in the 
general design and a compromise between carrier attenuation and signal phase 
shift must be made. The three section filter used has a transfer function 


(0.1. 7 p + 1) SG 
he Sones ppg lee Alois eae 
(Fp + 1)(C p* + 0.5 7 p +2) 
where: 
(aes cecond : (10) 


The attenuation and phase shift curves of this filter, figure 5, show that the 
attenuation is 57 db at 10,000 cps, that the phase shift is 16 degrees at 200 
cps, and that the response is essentially flat to 200 eas | 


The operation of the complete multiplier, including the switches and the 
sweep generator, is stabilized against drift EBS by stabilizing. the four 
d-c amplifiers; the method used is due to Ingerson® and consists of sampling ' 
the error voltage at the summing point of each amplifier periodically (approxi. 
mately 3 times/second), of amplifying the ezror voltage by an a..c amplifiers, 
synchronously rectifying the amplified error voltage, and applying it to a low 
‘pass filter which is connected to the d-c amplifier in such a manner as to 
reduce the original error voltage. This method reduces effective amplifier 
drift by a factor of Hout SOO:1le The output pulses of the a-c amplifier, 
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which are proportional to the error voltage at the summing, paint of the d-e 
amplifiers, are’ used to indicate excessive summing point error (approximately 
0.005 volt) due to an overloading or a maifunction of the multiplier. 


Results 


A few of the basic waveforms are illustrated in figures 6 through 36. 
Figare 6 shows the output of the Y-switch when both X and Y are constant; 
the repetition rate is about. 15 KC. Figure 7 shows the effect on’ the ampli- 
tude of varying Y. Figure 8 illustrates the operation of the integrator. 


Figures 9 through 11 give a rough measure of the multiplier performance. 
Figure 9 shows the output of the multiplier when Y is constant and X is a 
hundred cps square wave; in figure 10, the X and Y inputs have been inter. 
changed. Figure 11 shows the result of squaring the quantity A sin 2007F t. 


Table I summarizes the multiplier characteristics; the multiplier is 
still undergoing development and its performance is expected to improve. 


Table I 


Tentative Specifications 
Stabilized Electronic Multiplier 


Taoetpe ace = ae 250° Kk" Ohm 
OR tpt mpecan Ce. iat 5a. ar aS) Ohms or Less 
input Voltage Ranges [el 2 = nee ee + 100-v (except Z which is 
; always positive) 
OUUg aU VOd tae Cane Cue ag) ee ee ee + LO00-v 
Dc) CRAG CUM C Vimar oy ete ae ee To within 0.1% of full scale 


Maximum Frequency for Full Scale 
Cpere ta.0n Nea Aloe. a eee SO ee 


Prequency Response —~ . . =. — ayes ge loge 
PSS Mas Wel = Pe ee ee rey ag ie ~ = Flat to about 200 @ps 
3 d) rise at 1000 cps 


sess Nelonded ee ee ee ae | 16 deg. at 200 CPS 
0.7 des. at 10 GPS 


NoiSsee( 2) =a 00-4) gk. Srsusuc ee O.l-v, rms, at frequencies 
above 10 KC 


a 


Conclusions 


———— 


This paper has cescribed a new high spced electronic muitiplier for use 
with analog computers. A particular feature of the multiplier is a precision 
electronic switch usin, a stabilised d-c amplifier. This multiplier proviaces 
improved static and dynamic performance ior analog computer use. 


The stabilized switch may ve used with other circuits to provide function 
generation, interpolation, quadrant switching, analoy to digital and digital to 
analog conversion, and miscelianeous analog computer operations requiring high- 
speed switching. 
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HIGH DENSITY DIGITAL RECORDING SYSTEM 


Je, Tarottenmendure Gs iacne 
Potter Instrument Company, Inc. 
Great Neck, New York 


Answer to a Need 
Magnetic Recording Applications in Digital Equipment. 


The numerous economic uses of magnetic recording today bear witness to 
the scope and quality of the development in recent years on the media, trans- 
ducers, kinematics, circuits, and systems involved. 


Magnetic recording is already "of age" in several different forms in digi- 
tal equipment. For example, magnetic drums are widely used for storing moder- 
ate quantities ot information such as problem input date, function tebles, pro- 
gram sub-sequences, and intermediate results. In fact, drums are used wherever 
random accéss at medium speed is wanted among a rather limited number of items. 
Another form of magnetic recording, common where storage is needed for much 
greater quantities of information to which random access is not required, is 
magnetic tape. One of its typical functions is that of a funnel or speed- 
difference compensating device, as between the output of many clerks and a sin- 
gle machine capable of handling their combined efforts, or between several ma- 
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Chincs and a-high-spced printer able to print their total output. 

In many ot these applications the density of information is not now a prob-= 
lem. Their purposes are served economically by the 50 to 100 and more BITs per 
lineal inch per track, that are obtained with modern media and heads using tech- 
niques already published. 


On the other hand, further increase in information density using the same 
media and heads, has real economic value for the kind of random access memory 
needed in the newer automatic clerical machines. 


RAM Butts Against Density Limit. 


Here the amount of information dealt with is prodigious and the required 
filing capacity is correspondingly vast. Here, access time is the bottleneck 
because it depends on the size of the filing unit. That, at best, is enormous. 
And the filing unit's size in turn, depends, among other factors, on the den- 
sity at which the information is filed. In this relatively new field then 
where system performance is gauged by its savings in man~hours, a new Snes 
tance accrues to the effective density at which digital mametic recordings can 
reliably be’ mace and read. In tact, a few tubes more than normally required 
might well be justified in the magnetic writer and reader attaining sos 
than normal density with any given head and medium. | 


Becausé of our pioneer. development of the POTTER RANDOM ACCESS MEMORY - the’ 
stat a NT i eae de Ee ey S, : : * ‘ = * 1 = 
RAM, that is; with tHe prodigious digital capacity - we were among the first to 
reappraise the value of higher density recording in the light of the economics 
of the newer automatic clerical machines. Under this stimulus we had the cood 
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fortune to arrive at a simple but effective system for increasing digital in- 
formation density. 


; The application ~ even the meaning ~ of information density is at'fected 
by interesting conditions specific to the digital field and to the magnetic. 
recorders used there. 


Some Digital Recording Considerations. 
Primary Object, 


For example, a recording system for digital use differs in object and ba- 
- sic requirements from one for audio, 


Its object is relatively simple. It has only to reproduce binary coded 
information, but with utmost reliability. It must unfailingly indicate the 
presence of each binary digit or BIT of information, and discriminate between 
the two values, zero and one. That is all. 


Resultant Requirements, 


It does not primarily require amplitude linearity, as does audio, nor is 
- it concerned in the same way with introduced noise, Digital recording is, 
however, concerned with minute probabilities of error and of failure of such 
error detecting means as may be devised, For example, the waveform distor- 
tion could be 30% instead of 3, and the ratio of signal to hum only 15 db in- 
stead of 50, but a mere 1% probability of the undetected loss or mutation of 
as mich as one BIT in a billion may be inadmissable, 


Density. 


Digital equipment is concerned, as we have indicated, with information 
density. Assuming the closest track spacing permitted by allowable cross-talk, 
the concern is simply one of lineal density, or BITs per inch, and is related 
© frequency only through the velocity of the medium relative to the trans- 
_djucer. Frequency, dictated by application requirements, may be less than 1 kb 
(kilo-BITs per second, that is) or more than 1.00 kb, and may be different in 
playback from the recording rate, but once chosen it is fixed for a particular 
operation. For that operation then, speed is set at the quotient of the chosen 
BIT frequency, divided by the lineal BIT density to be used, We coin the rate 
unit, kb, to emphasize the distinction between rate as applied to transiently 
starting, shifting, and stopping BITs, and rate as applied to continuously re- 
peated identical cycles. For example, to reproduce binary digits at a rate of 
5 kb may require circuits passing up to 15 ke or even 30 kc depending on the 
system used, Correspondingly, a combination of transducer and magnetic medium 
that provides audio recording up to say 600 cycles per inch, may reliably store 
less than 200 or even 100 BITs per inch, depending on the system used. 


Figure 1 illustrates playback waveform of a particular sequence of 8 BITs 
in our system of magnetic recording. We have taken the liberty of referring . 
to its density as high. The two lower oscillograms might be taken to show a 
system different from that revealed in the upper one - there are obvious dif~ 
ferences in detail. However, before getting involved in density as applied to 
systems and clocking, let us simplify our ideas about density. BITs per inch 


bin 


is an overall yardstick for the combined performance of transducer, medium, 
and system. . : 


Let us factor out the effect of transducer and medium by referring to 
their combined lineal resolution, as in Figure 2. Here the length, S, is the 
spread of the playback voltage pulse occurring in the reproduction of unit 
function recording current. 


It will be helpful to observe and remember that Figure 2, like all of our 
waveform illustrations, refers directly to distance along the medium, rather 
than to time, as the independent variable or abscissa. Correspondingly, the 
ordinate unit for playback waveform is actually volts per unit of playback ve- 
locity. 


For the better magnetic reproducing equipments of today, the shape and 
length, S, of the step response are determined mainly by the so-called gap 
effect on playback. They are modified to some extent by fringing effects on 
both recording and playback, and by effective B-H non-linearity in recording. 
These effects, in turn, depend on various complex characteristics of head, 
medium, and recording technique. Any improvements among these factors will 
reduce the spread, or length, S, independent of the system of intelligence pre- 
sentation, and so increase density. Conversely, eny improvement in system, 
“whereby less units of the length, S, are required per BIT stored, will improve 
density, regardless of the actual length of the spread. 


Let us assign the symbol Lambda to represent the absolute length of medium 
required for storing each BIT. Then for system appraisal, the relative length, 
or ratio of lambda to 5, is the BIT length measure fror. which extraneous factors 
have been eliminated. The smaller the ratio, lambda over S, the higher is the 
density of the system. 


Points of View of System Synthesis. 


It is natural to think of the system of representing information in terms 
of the first translation, that from discontinuous binary code to writer current. 
At least we can easily be sure the chosen current variations are physically pos- 
sible. But we still cannot escape the final necessity of determining the cor- 
responding playback waveform, to verify that it retains the essentials for the 
information's reconstruction by possible circuitry in the reader.. 


This playback waveform may be constructed from the heuristic current func- 
tion by superposition, using the playback voltage response of Figure 2 as the 
indicial impedance, there the form of the latter, as is usually the case, is 
determined mainly by gap and fringing effects with little influence by B-H 
non-linearity, and also in the case where writing magnetization varies between 
positive and negative saturation only, in full steps. ’ 


For quick exploration, the playback waveform may be roughly visualized 
as: the devi.vative of a low-pass transmission of writer current in which ds~ 
continuities have been spread out and rounded off. With sti1]2 less accuracy y 
and increasing risk of complete ambiguity as lambda over S is reduced, we nay 
conversely imagine writing current as a peculiarly angular integral of any 
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proposed playback waveform. 


The latter technique facilitates the utmost simplification of ple vyback 
waveform consistent with its deciphering, and permits postponement of the labor 
of more rigorous verification of its correspondence with physically possible 
writing.current. The relative heuristic value of this approach to system syn- 
thesis is an open question, but we have found the approach useful. 


System eae 
Lee ee onnsnEEEnEteinenmennnenntame 


Reflecting this latter point of view, we shall use system here to mean ba- 
sically that of the representation of one, zero and neither, in the playback 
waveform. For exemple, a dot and dashes of keyed carrier representing al, 

5 dashes for a 0, and no signal for neither, would be an absurdly expansive 
system for representing the three choices. At the other extreme, still re- 
ferring to playback waveform, a negative pulse for a U, a positive for al, 
and no signal for neither would be compact but physically impossible with re- 
spect to writing current without modification for the general case in which 
BITs of one kind may outnumber those of the other by an indefinitely increas- 
ing margin. 


A suitable modification would be the periodic reservation of a number of 
equalizing BIT spaces, equal to the preceding number of informing BITs, so that 
‘the recording current and the magnetization in the medium could be stepped back 
substantially to neutral under an automatic control. The control would con- 
tinue to step the recording current up and down in this region for any part of 
the equalizing interval left, just so the reader could count out the full in- 
terval and reopen its output gate synchronously with the reappearance of in- 
formation. After all this complication, it seems that half of the system's 
potential information density is lost by the modification that makes it work- 
able. But let us label this one System A for later reference. 


An alternative modification which we might label System B, comes closer to 
achieving the full density capability of a theoretical recorder and medium of 
infinitely linear response. In this one, as in System A, an equalizing period 
of N BITs is reserved to step the magnetization back to neutral. However, the 
occurrence of this equalizing interval is not after every N informing BITs, 
but only after an excess, N, of informing BITs of one sign over those of .op- 
posite sign. If the distribution of BITs is at all random, then as N is in- 
‘creased, the ratio of equalizing space to informing space will rapidly decrease 
from unity toward zero. The required additional circuitry in both recorder and 
playback may well be worthwhile for certain applications, if use is made of a 
head and medium whose combined effective linearity is sufficient to enable the 
value of N to be as great as say 5 or 10. 


TH connection with Systen A, it is recalled that a number of magnetic-equal- 
izing BIT-spaces regularly followed each equal number of informing BITs. It may 
be of interest to observe that if this number is reduced to unity, we have a 
writing current pulse system with positive pulse for 1 and negative for 0.. The 
implicit pulse-width is about twice optimum, but the packing actually about 
what the conventional writing current pulse system can do, as may be deduced 


fron Figures 3, and 5. 


Self vs. External Clocking. 
Implicit in the foregoing discussion of system was the assumption ofs self= 
clocking. That is, we required of the information playback waveform the full 
sdentification of each recorded BIT, without reference to any other channel or 
indexing marks. Thus the storage system must provide three separately aoe 
plierable states to indicate not only the difference between a 1 anda O, but 
also the absence of either, where.spaces with no information occur. If, how- 
ever, a Signal is available from a so-called clock channel, recorded and played 
back synchronously, and indicating by the presence of its signal the location 
of each BIT in the information channel, the burden on the latter is reduced 
from discriminating among the three choices 0, 1, and neither, to showing the 
simple choice between 0 and 1 only. For example, separately clocked informa- 
tion may indicate a 1 by any chosen signal and a O by the mere absence of that 


signal. 


Clearly, separately clocked information can be stored at a greater den- 
sity, in BITs per inch, not counting the extra space taken by the clocking 
channel itself, than can self-clocking information using the same transducer 
and medium. Hence, any density comparison hetween systems is fully significant 
only when they are alike in respect to clocking or when any differences in this 
respect is noted. It may be recalled that our system, shown in Figure 1 for 
both external and self-clocked condition, squeezed the externally clocked infor-— 
mation into half the space required for the same information self~clocked. 


Whether separate clocking is economic depends on mechanical aspects of the 
application. Ms ; 


Clocking vs. Mechanical Factors. 


In the case of rigid drums having rigidly mounted heads, a high degree of 
precision is possible in the duplicability of the spatial correspondence between 
points on different tracks. Also, in deference to speed and eccentricity, non- 
contact recording is the rule, so the lineal resolution suffers. Because of 
these two circumstances, the use of a separate clock track has not in‘<itself 
placed a lower limit on the BIT spacing at which individual BITs may be iden- 
tified by reference to the separate clock. Furthermore, for the typical drum 
on which many tracks are provided, the reservation of one separate track for 
timing sacrifices little capacity percentage-wise. So separate clocking is 
natural for drumse i 


Magnetic tapes are another story. When reading a multichannel tape, its 
traverse under a multiple in-line head can differ in direction by a very small 
angle from its traverse under the same head during recording. While the siz 
of this angle is kept small in the best tape handlers, it can never be assumed 
to be zero. So, as the spacing between BITs on a tape channel is reduced, an 
ultimate limit is reached where correspondence between BITs recorded on two 
seperated tracks may in reading be shifted more than half a BIT space. At this 
limit, a clock signal on one track can no longer identify information on the 
other, in other words, this is a limit on usable density of any information 
that. is. not. self-clocking. 


For example, in a handler holding the tape direction within. plus and minus 
one-half degree, using 1" tape, a central clock channel fails as reference for 
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outside information tracks at densities greater than about 50 BITs per inch. 


' Furthermore ,. with the usual four to six channels for parallel presenta~ 
tion, and oe ee the single channel used in serial operation, the require~ 
ment of a ciock channel appreciably reduces the space available for informa- 
tion, and thus reduces effective information density. . 


Another consideration applies to tapes because of their change in length 
with temperature, humidity and tension. Maximum lateral density, or crowding 
of the tracks across the tape, is commonly achieved by the staggering of gangs 
of heads necessarily separated by their length along the line of tape motion. 
Under these conditions, the space necessary to allot each BIT along a channel 
is something over twice the product of the total per-unit change in tape length 
for all reasons between recording and reading, multiplied by the axial separa 
tion between working gaps in the forward and rear gangs, in order to maintain 
the BIT synchronism required if the forward gang's channels are not clocked in- 
dependently of those under the rear gange For example, one inch between gangs 
and two one-hundredths change per unit length of tape would limit BIT density 
to less than 50 per inch unless separate clock channels were reserved for each 
in-line gang - or unless, of course, the recording were self-clocking. 


There are, then, more natural applications for the self-clocking system 
in digital tape equipment where high density is desirable, than in drums for 
which external clocking is practical even at high density. 


The High Density System 
Demonstration of Density. 


Except for the simplicity of the playback waveforms in Figure 1, there is 
little concrete evidence of unusual density. We shall try to develop the ev- 
idence by comparisons with what we understand to be conventional systems. 


This development will start with the illustration of physical facts basic 
to both conventional and high density systems, and arrive at density limits 
in terms of the common basis so that these limits can be compared. Because 
the -self and externally clocked reproductions differ from each other in density 
limits and detail, both in the conventional system and in our high density sys- 
tem, we will actually be developing four density limits. Perhaps. we should have 
referred to four systems: conventional self-clocking, conventional externally 
clocked, high density self-clocking, and high density externally clocked. But 
the former two are, at least, both pulsed-writing-current systems and the latter 
two, notwithstanding their differences, have more in common than high density, 
as will be shown later. Meamshile, let us start with the physical basis common 
to all. 


Because short pulses were used in conventional recorders to obtain digital 
’ packing, it seems reasonable to investigate the effects on playback voltage 
waveform or resolution when pulse width is varied. Figure 3 indicates that 
there is an optimum width, in terms of S, below which amplitude is lost with 
no further decrease in playback voltage peak separation. For the typical 
"spread" shape shown in Figure 2 and used as the basis of all our waveform i1- 
lustrations, this optimum pulse width is one-half 5. . 
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at the writing current pulse width appearing. .to give. the 


Having arrived 3 ; . 
ow close we can pack the pulses, 


best resolution, we are interested in finding h 
both when they are of like polarity and when their polarity alternates, with- 
out losing their identity in the playback voltage waveform. Figure ) shows 

the effect on playback voltage waveform when we start packing the writer cur= 
rent pulses closer and closer together. The group at the left allows a length 
of 2S for each BIT, and the playback response for each pulse written in the 

_ medium appears reasonably distinct, both for the pulses repeated With like sign, 
above, and for the sequence of alternating sign below. The next group from the 
left allows one and a half S for each BIT, and the discrete character of the re- 
sponse to each pulse is retained in the upper wave train for repeated pulses, 
but is obscured in the lower oscillogram of alternating kinds of BITs. The 
further packing illustrated in the two remaining groups, at BIT lengths of S 

and three-quarters S, results in a completely changed appearance in the response. 
to BITs of alternating kind. 


So far as we know, the conventional approach to self-clocking high densi- 
ties in digital recording at the time our development was dene, was that of 
packing writing pulses (of opposite polarities for the two kinds of BITs, and 
no pulses in the absence of information) as close as practical in any group 
without losing the normal shape and visual identity of the playback response 
to each, Reliable reproduction was limited to densities characterized by the 
appearance, in Figure h, of the left group of playback signals. In terms of 
our nomenclature, then, the density limit for the conventional pulse system, 
self-clocking, would be at about 2S per BIT, or at lambda equals 2S. Figure 5 
illustrates waveforms for such a system in the top oscillograms. 


Below, to the same scale in Figure 5, are the waveforms for a conventional 
recording with external clocking. Here both the external clock and the exter- 
nally clocked information show their two necessary conditions by the absence or 
presence of but one polarity of writing pulse. As previously seen in Figure h, 
pulses of the same polarity can be crowded closer together without losing their 
characteristic response shape. This advantage is used in the closer spacing 
realized by the externally clocked BITs in the so-called conventional pulse 
system below in Figure 5. 


' The particular sequence of 8 BITs, 01010110, used in Figure 5 for 
demonstrating the density limits of the conventional pulse system has, for ease 
of comparison, been chosen the same as the sequence illustrating our high den- 
sity system in Figure 1. 


That illustration is now duplicated in Figure 6, with writer currents and 
scale in terms of 5 added, for ease of direct comparison with Figure 5. With 
the latter still fresh in mind, let us make that comparison before getting ab- 
sorbed in the characteristics and circuitry yielding response validity. i 


Appraisal of Figure 6 in terms of 5 reveals a BIT space of only S instead 
of 25, self~clocking, and, in the same ratio, external clocking takes only one- 
half S instead of S. 


r | 
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a a es eee Ce ee ee oy How High is High Density?", with the 
reply “Twice Conventional." We have yet to point out how the system works. 
This will involve details which differ between self and external. clocking, so 
we. shall. consider these cases separately. 


Self-Clocking High Density. 


Figure 6 reveals that we utilized the completely changed appearance of 
response to alternating kinds of BITs illustrated in Figure l by the two 
most crowded groups at the right.. There we held writing pulse width constant 
at one-half S, for optimum resolution, and observed that crowding down to a 
BIT space just twice this pulse width resulted in radical change in response 
form, but no change in peak amplitude. Further crowding to a BIT space less 
than twice the writer pulse width, changed amplitude without changing the 
number of peaks or inflections. Any reader circuit which would decipher the 
third group seemed likely to work on the fourth, and likewise on one with form 
lying between the third and second, and if so, could be said to have range with 
respect to density. From the trend in Figure 6, such range appears centered 
about the density represented in the third group, at the boundary between form 
and amplitude variations. 


To show such range possibilities in more detail, we let the writer pulse 
width vary with BIT space, in the ratio found at the form-amplitude-boundary 
for optimum resolution pulses; pulse width equals half a BIT space. The ef- 
fect is shown in Figure 7, where BIT length, lambda, takes on the values: 
38/h, S,; 58/h, and 38/2. _As BIT length is actually the quotient of velocity 
divided by frequency, Figure 7 illustrates the effect on playback waveform re- 
sulting from changes in either velocity or frequency of the equipment. 


Because velocity and frequency are usually held constant within close 
limits in actual equipments, it is of more practical interest to see the effect 
on playback waveform when the "spread", S, is varied. We know S can vary from 
one transducer to another - and even in the same head with use, in the case of 
physical contact with the medium. So we replotted the story of Figure 7 in 
Figure 8 with constant BIT space, lambda, and with "spread", S, taking on dif- 
ferent values in terms of the fixed BIT length. 


The playback voltage oscillograms in Figure 8 show the differences due to 
variations in S. They also show similarities sufficient for more range than 
needed for reliability with commercial components. 


Although there is apparent an end-wave-shortening, more easily seen on the 
starting end where it results in an obvious leftward shift of the wave trains, 
as S is decreased, it will be found that the actual spacing between voltage- 
axisecrossings is identical for corresponding waves in all four trains, Further= 
more, there is a crossing at the center of the response to each and every BIT's 
writing pulse. There are, it is true, additional crossings at the junctions 
of the responses to like BITs, But if we can ignore these while recognizing 
the central crossings, we have the means of indexing every recorded BIT at 
the center of its playback response = in other words we have self~clocking. 


A means for such selective recognition may be seen more clearly by refere 
ence to the playback voltage rectangular wave at the bottom of Figure 8. this 
wave shape, except for its shorter terminal lobes, would result from amplifying 
and clipping eny of the actual signals above. Tncidentally, had S been followed 
doim to zero in the signals above, their end lobe length would have shrunk to 


that of the rectangular wave. 
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The multivibrator responds to every BIT center crossover; Yous Pag ean 
transitione1 or spurious crossovers, and so fulfills the funcvion of a pilayvac 


clocke 


The length of the playback terminal lobe at high density posed an ya 
ing problem. This length may be seen to vary, with S5 about a desten-center 
value of 3/l lambda. This, you recall, is also the design-center value for the. 
clock's astable miltivibrator period. So a spurious clock pulse can be expected 
to follow each proper group, or not, depencing on variations from designecenter 
value in either the clock or the end lobe. For maximum reliability. the clock 
period should not be compromised, and at high density it is impossible matere 
jally to shorten the terminal lobe. But we are free to lengthen that terminal 
lobe. This we did by a circuit in the writer under control of a predetermined 
-counter set at the number of BITs in the written group. Ambiguity in the num- 
ber of detected clock pulses was thus eliminated by ensuring that the possible 
extra clock operation always took place. The spurious but dependable final 
pulse needed only to be effectively gated out. to keep the reader flexible in 
respect to ability to read groups of different length, without requiring con= 
trol information as ‘to group length to be written into each group and so waste 
ing information space, the reader included a single BIT storage unit of our 
standard shift register, through which information was shifted as read, except- 
ing at the first clock pulse of each group. This pulse was used to place the 
first read BIT in the storage unit, but not shift out its initial ambiguous 
content resulting from the preceeding group's extra clock pulse. The result 
at the reader's output was that of gating out the first rather than the last 
clock pulse, and correspondingly delaying the information by one BIT period. 
Thus the spurious terminal clock pulse is effectively gated out without know- 
ledge of when it is coming ~ that is, without telling the reader the group 
Jength, It has been whispered about that we fixed the gamble on the end lobe 
so the self=clock with the devious mamer could always. wine 


. The full recorded information, it is found, will be reconstructed by let- 
ting the rising edge of each clock pulse, through suitable gating means, in- 
dicate the polarity of the playback signal inmediately preceeding that clock 
pulse. This provides for simple loading of a shift register, 


The rectangular wave playback voltage in Figure 8 could have been produced 
by a perfect trensducer and medium, in which the value of § would be zero, if 
the recording current hed varied as the rectangular wave'ts integral, or as the 
Saw-tooth wave shown directly above. This sew-tooth Wave bs seerr to be> the 
straight-line average of the pulse-formed writing current at the too of Fimre 
8, Such a. sayv=tooth recording current would not provide the ultimate playoaek 
resolution at limiting densities, but would obviously extend the range in- 


definitely downmard by filling in the playback voltage valleys that are seen: 
to. creep into our high density pulse system as waveform distortion when the 
actual density is lowered below design-center for optimun high density. 


Although, in a system specifically developed for ea So ea there 
seems little point to a modification permitting it to be used at lower den- 
sities where systems with less circuitry suffices the Seas recording 
current has been found convenient for use in the Seve es and incidente 
ally, provides’ reliably for considerably higher densities than conventional 
systems, itself. 


With respect to appearance of our self-clocking playback waveform, there 
is some suggestion of frequency-shift keying of an irregular and synchronously 
timed nature, revealing half-cycles at elther frequency among cycles and half- 
cycles at the other, and a 2-to-1 ratio between frequencies. It seems sig- 
nificant that whereas the maximum frequency (resulting from repetition of like 
BITs) is that of BIT occurrence, the signal fundamental for alternating BIT 
values is actually only half the BIT frequency. Although the playback shows 
a continuous waveform throughout any group of recorded BITs, its quiescence 
immediately before and after such a group precludes reference to it in terms 
of such carrier modulation systems as FM, PM, or even Frequency=Shift Keying, 
without labored qualifications. About She best we've done for a concise def 
inition in terms of playback waveform make-up is this: "Gated, Contiguous, 
Invertable Square Wave", 


At.suy rate, with respect to the idealized playback waveform, or the 
rectangular wave at the bottom of Figvre 8, it will be found that each BIT 
is indeed a square waves O is represented by a square wave with its first 
lobe negative, and 1 by a square wave of equal size but inverteds these 
square waves are contiguous; end they aren't there when there is no informa- 
tion, hence they must have been gated. 


Externally Clocked High Density. 


Our high density system is much simpler in details for external than for 
self clocking. For example, it might well use negative and positive satura- 
tion for the two required magnetic states. In any event, it is noteworthy 
that every change in state, regardless of direction, is to be accepted by 
the reader as a signal of the same kind: as a clock pulse, in that channel; 
and as a 1, in the information channel. 


"While not demonstrated in Figure 6, where the number of BITs and also 
of 1's in the information group happened to be even, it is reasoned that writ- 
ing current, in the clock head at the end of any odd number of BITs; or in 
the information head after writing an odd number of 1's, will finish at the 
value alternate to its starting value. The writing current merely steps, in 
alternate directions, but one step for each signal. 


With respect to writing current, then, this is an alternate-direction, 
Single«step system. 


With respect to playback response, however, as recalled from the-res« 
ponse shown in Figure 2 for step current, we do have a pulse system, Not 


bees 
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only is the voltare peak a characterisvic OL each sienal, but voltage a 

crossings are definitely not an inseparable attribute of each stgnal lms 
finitel ee } ae 

is apparent in the information channel where 1's happen to be separated by 


one or more O's, 


Correspondin,ily our reader, for separately clocked high density reproduc 
tion, rectities both clock and information playback Signals, and utilizes the 
rectified peaks: clock alone indicates a 03; clock and simultaneous informa- 
tion peak indicates al. st 


Common Characteristics. 


The self# and externally clocked versions of our high density system both 


5 
resulted, perhaps, from a shift in viewpoint toward concentrating on playback 


waveform rather than recording current as a starting point. 


Functionally, they both shifted some of the burden of the intelligence 
reproduction from the magnetic storage mediun to the reader circuits. 


With respect to appearance of playback voltage waveforms, they both ap- 
pear to have less inflection points, and less harmonics of BIT frequency, 
and would require less band width to transmit, than others. Possibly both 
may even turn out to be minimum band width, or maximum density systems - and 
to have been used, casually, by Edison. 


Anyway they both do make good use of the excellent magnetic surfaces and 
reproducing heads now available. 
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A COMPUTER FOR FLAW PLOTTING 


Noel B, Braymer 
PlLectroc rcs os,. Inc. 
Pasadena, California 


Ultrasonic vibrations provide the only knowm physical means for the non» 
destructive examination of thick sections of dense materials. The basic meth- 
od is simple; the equipment is relatively inexpensive, and there is no hazard 
to operating personnel. Ultrasonics will not completely supplant the older, 
established techniques of radiographic, magnetic, or dye inspection methods, 
but it will do inspection jobs which cannot be done by any of these methods. 
The most commonly used ultrasonic inspection method at the present. time is the 
"contact" method, where the transducer is pressed directly against the surface 
of the part to be inspected. This is not a method readily adapted to mechan- 
ized scannerse The mechanized scanner proceeds in an orderly manner, and a- 
voids the repetitive scanning generally required by the manual method to assure 
complete. coverage. 


An alternative to the "contact" method is the immersed method pioneered 
by D. C. Erdman*. In this method both the transducer and the part to be in- 
spected are imnersed in a liquid coupling bath. The transducer is not in con- 
tact with the part, but several inches away. This makes the use of mechanized 
_scamners relatively simple, and overcomes a number of serious problems. (1) A 

Single transducer can be used on either plane or curved surfaces. (2) A mae 
chined or ground surface is not required. (As forged, or even as cast, sure 
faces present no special problem.) (3) The receiver has time to recover from 
the initial overload caused by the transmitted pulse, so that defects near the 
surface may be detected. 


However, there are two disadvantages. (1) There is a loss of approximately 
18 decibels of signal at the interface between water and steel. (2) If the beam 
does not enter the part normal to the surface, it will refract at the surface 
to an angle at least four times the angle in water. 


If the parts to be inspected are restricted to objects having a plane sur- 
face, the scanner can be very simple, and the presentation may be a cross set~ 
tion view through the part displayed on a cathode ray tube, similar to a radar 
"NB! scan. This can be a very useful scanner and display, but it is not adequate 
for a more complex shape, such as the forging for a jet engine turbine wheel. 
To adequately inspect one of these wheels by a hand-operated, immersed scanner, 
using the usual "A" scope presentation, may require eight hours inspection time. 
This is generally considered to be excessive, so that only prototype inspection, 
or randomly selected samples are inspected. This can result in many hours of 
machtaring time being spent on a forging, only to find that the forging was de- 
fective. 


A special purpose scanner was produced to perform production testing ote 
these and similar forgings. The forging, a wheel, is mounted on a vertical é 
axis and rotated at approximately one revolution per second. The transducer is 
mounted at the end of a long cantilever arm which can position the transducer 
under, along side, or over, the wheel, The transducer mount at the end of this 


; A se : oe ae em More ee 
arm can rotate about an axis normal to the plane in which this arm is vrans 
lated. This permits the beam to be directed so that it enters the part normal 
to the surface, and the ultrasound will propagate in a straight James even 
though the velocity of the ultrascund in the steel is four times the velocity 


in water. 


This scanner operates twenty or thirty times faster than an operator is 
able to interpret the data displayed on an "A" scope. The operator may sense 
the presence of a flaw, but would be unable, without stopping the machine, to 
describe its location and extent. Therefore, a display system of considerable 
refinement is reouired. The "B" scan is an improvement, but would yield very 
misleading and distorted pictures. 


The display used with this scanner consists of three simultaneous views 
of the part; top, front, and side in an orthographic projection. As the parts 
are perfectly round, the selection of the "front" and the "side" is completely 
arbitrary, but for reference the wheel is so indexed. Each of these views is 
displayed on a separate projection type television cathode ray tube. Three 
optical systems, consisting of two front surfaced mirrors, and an objective 
lens each, bring the three images together on a single 3-1/) by h-1/l film 
which is exrosed during an entire inspection cycle. This picture is used both 
for evaluating the forging, and for a permanent record. A Polaroid-Land cam- 
era monitors one of the views so that the results, at least tentatively, can 
be obtained immediately. In addition to the recording. camera, any of the three 
views can be monitored by a long persistance, directly viewed cathode ray tube. 


The heart of this system is an electronic, analog computer, which links 
the scanner to the recording camera. The computer controls the servo operated 
scanner; it positions the transducer and directs it to scan at a uniform rate, 
referred to the surface of the part. The computer receives data from the scan- 
ner, which includes the angle of rotation of the wheel, and computes the posi- 
tion in space of the surfaces which reflect the ultrasound. The velocity of 
sound in steel, is approximately a quarter of an inch per microsecond, so that 
real times for this computation run less than one hundred microseconds in most 
cases. 


Operation of the machine is automatic, and the routines involved for check~ 
ing and calibrating prior to inspection, are controlled by the computer. If 
there is a malfunction during the check period, the computer halts the inspection 
‘and alerts the operator. If the machine is operating satisfactorily during the 
check period, the computer proceeds through the inspection cycle. When the in- 
spection is complete, the computer returns the scanner to a position safe for 
Brea the part, and signals the operator that the inspection has been com- 
PLEvede 


The acutal computation is performed in two distinct systems... Static, or 
Slowly moving signals are handled in a four hundred cycle carrier system. Iin- 
ear signals are represented by potentiometers, and the trigonometric equations 
are solved in electromagnetic resolvers. The equations solved, and the circuits 
used are very conventional, and do not require detailed explanation here. The 
position of the point where the beam enters the part is comouted in a four hun- 
Beet eae system, then converted to direct current signals by phase sensitive 
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ultrasound through the object under inspection, This sweep is resolved in three 
steps into three components, which are added to th ween : 
signalse These composite signals are transmitted to the recording camera, and 
to the monitor scope. This sweep is a complex waveform and is not suitable for 
resolving in an electromagnetic resolver. Resolvers were used during the war 
on some radar PPI displays, but the accuracy is not adequate for this purpose, 
due to poor frequency response. This is greatly aggravated by the three reu 
solving steps being in cascade. 
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A basic, Linear Sweep is generated to x epresent the propagation of the 
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An electrostatic resolver is used for this function. The driving power 


required for-this resolver is low; no transformer is required, and the frequency 
response is excellent. The resolver consists of an air variable capacitor wit 
two pairs of stators, and one specially shaped rotor. ach pair of stators is 
driven by a balenced, push-pull amplifier and one signal is taken from the rotor. 
If both sine and cosine output signals are required, a pair of condensers is 
necessary. This is the case for each step of the computation in this computer. 


The condensers which were available when this computer was built, were not 
designed to be resolvers, but were used in the continuously variable phase shifter 
in the range measuring system of an early Fire Control radar. Accuracy in: that 
application was achieved by using a, coarse and fine range measuring system. 
These units (Cardwell model KS=-853))°) are undesirably large, and are not ade- 

- quately shielded from either dirt or electrical interference, and the accuracy 
is not competitive with electromagnetic resolvers which are now available. Houw- 
ever, experierxice in this laboratory with these relatively crude units leads to 
the conclusion, that the shortcomings are not fundamental, end that with rela- 
tively little development an electrostatic resolver would become an important 
component in electromechanical computing systems. Only a simple resistance-cou- 
. pled arplifier is required to resolve either complex waveforms or sinusoidal 
Signals in the frequency range of 3 cycles per second to 300 kilocycles per sec- 
ond. 


Static signals can be resolved, if a carrier system is used. The carrier 
frequency can extend over the range indicated above, or conceivebly, may be even 
higher in frequency, if a tuned amplifier is used. 


The machine was delivered to the Ladish Company in Milwaukee, where it is 
presently being evaluated, by using it for the production inspection of forgings. 
Experience with the machine is not yet adequate to justify complete reliance on 
the automatic inspection; the results are still being correlated with those ob- 
tained. by the older inspection methods. 


1. Smith, Rebecca H. and Erdman, Donald C. Immersed Ultrasonic Inspection, 
Iron Age, August , 19,9 s 

2. Blackburn, John F. et al, Components Hand Book, Volume 17, Massachusetts 
Institute of Technology, Radiation Laboratory 


Ae Senta a : 


4 
Re Pal ¥ 


g 
> 

‘7 
—— es = an 9 
7 a 7 ae - am a 


“% _ 
— 
wa = 
-w Be mii 


,* ~@ a) a 


D 


a jes 


